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7-ADCA  7-aminodesacetoxycephalosporanic acid 
α-He   α-hemolysin 
A   absorbance 
AFM   atomic force microscopy 
APTES   3-aminopropyltriethoxysilane 
ATR-FTIR  attenuated total reflection Fourier transform infrared spectroscopy 
ATRP   atom transfer radical polymerization 
AUT   11-amino-1-undecanethiol hydrochloride 
BAM   Brewster angle microscopy 
BICINE  2-(bis(2-hydroxyethyl)amino)acetic acid 
 𝐶𝑠
−1   compressibility modulus 
cAMP   3′,5′-cyclic adenosine monophosphate 
CD   circular dichroism 
CDCl3   deuterated chloroform 
cGMP   cyclic guanosine monophosphate 
CLSM   confocal laser scanning microscopy 
CMC   critical micelle concentration  
CNBD   cyclic nucleotide binding domain 
d   thickness 
DM   n-decyl-β-D-maltopyranoside 
DMP   2,6-dimethoxyphenol 
DMF   dimethyl formamide 
DMSO   dimethyl sulfoxide 
DOPC   1,2-dioleoyl-sn-glycero-3-phosphocholine 
DOPS   1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
DOTAP  N-[1-(2,3-dioleoyloxy)]-N,N,N-trimethylammonium propane 
DPPC   1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
DPPE   1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine 
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f   frequency 
FCS   fluorescence correlation spectroscopy 
G   electrical conductance 
GPC   gel permeable chromatography 
HOPG   highly ordered pyrolytic graphite 
I   electrical current 
L   liquid (state) 
LB   Langmuir-Blodgett (transfer) 
LC   liquid-condensed (state) 
LE    liquid-expanded (state) 
LS   Langmuir-Schaefer (transfer) 
k   extinction coefficient 
MCL   γ-methyl-ε-caprolactone 
MloK1   cyclic nucleotide-modulated potassium channel  
Mn   number average molecular weight 
Mw   weight average molecular weight 
Mma   mean molecular area 
MWCO  molecular weight cut-off 
n   refractive index 
NaN3   sodium azide 
NHS   N-hydroxysuccinimide 
NMR   nuclear magnetic resonance 
OmpA   outer membrane protein A 
OmpF   outer membrane protein F 
Π   surface pressure 
P   molecular packing parameter 
PBMA   poly(n-butyl methacrylate) 
PBO   poly(butylene oxide) 
PBS   phosphate-buffered saline 
PDMAEMA  poly(2,2-dimethylaminoethyl methacrylate) 
PDI   polydispersity index 
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PDMS   poly(dimethylsiloxane) 
PEG    poly(ethylene glycol) 
PEO   poly(ethylene oxide) 
PGME   phenylglycine methyl ester 
PHEMA  poly(2-hydroxyethyl methacrylate) 
PLA   poly(L-lactic acid) 
PMCL   poly(γ-methyl-ε-caprolactone) 
PMOXA  poly(2-methyl-2-oxazoline) 
POPC   1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
POPE   1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 
PVP   poly(2-vinylpyridine) 
QCM-D  quartz crystal microbalance with dissipation 
Ra   average roughness 
ROP   ring-opening polymerization 
S   solid (state) 
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SPR   surface plasmon resonance spectroscopy 
SRB   sulforhodamine B 
SUV   small unilamellar vesicles 
T   temperature 
TMS   trimethylsilane 
Tris   2-amino-2-hydroxymethyl-propane-1,3-diol 
UV/Vis   ultraviolet-visible spectrophotometry 












 Scope of the Thesis    
- 11 - 
 
1. Scope of the Thesis 
 
Planar artificial membranes based on amphiphilic block copolymers are of high 
interest due to their potential applications in catalysis, drug screening, sensing, etc. Such 
polymeric membranes can successfully mimic biological membranes, providing high 
robustness and stability, which makes them good candidates to be developed in direction of 
applications. Even though solid-supported polymer membranes have been already 
investigated to a certain extent, it is still an emerging area.  
 This thesis presents a new generation of biomimetic solid-supported membranes and 
hybrid polymer-lipid materials, based on amphiphilic block copolymers: 
poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) (PDMS-b-PMOXA) and 
poly(ethylene glycol)-block-poly(γ-methyl-ε-caprolactone)-block-poly[(2-dimethylamino) 
ethyl methacrylate] (PEG-b-PMCL-b-PDMAEMA). The scope was preparation of stable 
solid-supported membranes and development of different strategies for 
insertion/attachment of biomolecules into such membranes.  
These main goals of the thesis were approached through: 
i) development of solid-supported membranes having bilayer, hydrophilic-
hydrophobic-hydrophilic structure, 
ii) functional insertion of membrane protein into such polymer membrane, 
iii) investigation of protein distribution in hybrid materials composed of mixture of 
polymer and lipid, 
iv) preparation of asymmetric polymer films with adsorbed active enzyme for 
potential applications in sensing. 
Block copolymers were firstly investigated in respect of behavior at the air-water 
interface. Deposition of the films on different solid supports (silica wafers, glass and gold 
slides) was achieved by performing transfers of Langmuir monolayers, which provide 
formation of defect-free films with good reproducibility. Further, deposited films were 
functionalized by introduction of membrane proteins and enzymes. To get the insights 
into morphology and thickness, the obtained systems were analyzed by surface-sensitive 
techniques, such as atomic force microscopy, ellipsometry, and contact angle 
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measurements. Activity of inserted biomolecules was evaluated by electrical conductance 
measurements and activity assays. 
In summary, this thesis provides valuable impact in the preparation of membranes in a 
controllable and reproducible way. Furthermore, it presents different strategies for 
introduction of biomolecules into such systems, in order to obtain tailored functionality 
and properties. This work impact fundamental understanding and development of 
functional membranes. Such artificial membranes and hybrid materials can be further 


















 Introduction    




2.1. Biological membranes 
A biological membrane is a complex structure, which is essential for all living 
organisms. Membranes separate the interior of the cells and cell organelles from their 
environment. They are also involved in a number of important processes, such as passive 
and active transport through the membrane, molecular recognition, enzymatic catalysis, 
cell signaling, and cell adhesion.
1
  
In 1972 Singer and Nicolson introduced the fluid mosaic model of the cell 
membrane.
2
 According to this model a main structural element of the membrane is a self-
assembled phospholipid bilayer (Figure 2.1-1). The phospholipids are organized in such a 
way that the hydrophilic head groups are oriented towards intracellular and extracellular 
spaces, while the fatty acid chains face each other in order to isolate them from the 
surrounding environment. The formation of the bilayer is driven by strong hydrophobic 
interactions between nonpolar fatty acid chains.
3
 In addition, the cell membrane consists 
also of proteins and oligosaccharides however the exact composition of the membrane 
depends critically on its functions. 
 




Membranes are the scope of many studies nowadays in order to understand the 
functions of membrane proteins and individual membrane-related processes. 
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Transmembrane proteins are important targets for drugs however because of the 
hydrophobicity of these proteins, the studies have to be performed in their natural 
environment, which is a membrane. Due to the high complexity, it has not yet been 
possible to reconstruct an artificial membrane with equal functionality to the biological 
membrane. In order to facilitate the investigation of the membrane-related processes, 
membrane mimics have been developed. Such artificial membranes can also find 




2.2. Biomimetic membranes 
2.2.1. Amphiphilic block copolymers and general aspects of self-assembly 
The most common biomimetic membranes have been prepared from phospholipids 
due to the fact that they are components of the biological membranes, thus they are 
biocompatible, biodegradable, and non-toxic.
7
 On the other hand, the phospholipidic 
membranes suffer some limitations, i.e. high permeability, low stability of phospholipids, 
which sometimes undergo oxidation, and limited possibilities of chemical 
modifications.
7,8
 Amphiphilic block copolymers have been shown to overcome these 
limitations. Thanks to their higher molecular weights, the membranes formed by block 
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Through polymer engineering, it is possible to design properties of the resulting 
polymer, and thus the thickness of the membrane, shape of the formed assemblies, and 
stimuli-responsiveness can be tuned.
11,12
 A number of block copolymers have been 
already reported to form membrane mimics.
13
 Typically, such artificial membranes are 
formed by amphiphilic diblock (AB) or triblock (ABA or ABC) copolymers,
 10,12
 which 
possess the necessary biocompatibility for biological applications. For example, poly(2-
methyl-2-oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) 
(PMOXA-b-PDMS-b-PMOXA) triblock copolymer is a good candidate to mimic 
biological membranes.
14-17
 The hydrophobic PDMS block is suitable for development of 
biomaterials due to its biocompatibility, non-toxicity, and high flexibility.
18
 Furthermore, 
PMOXA is a bioinspired polymer, which has a structure similar to polypeptides.
19
 Thanks 
to the presence of the tertiary amine in the backbone chain, it is poorly recognizable by 
enzymes and thus it is highly stable in biological environments.
20
 
Formation of membranes is possible by self-assembly process in aqueous media. At 
certain concentration, which is called the critical micelle concentration (CMC), 
amphiphile molecules self-assemble into a large array of structures, e.g. micelles, 
vesicles, or worm-like structures, in order to minimize the free energy of the system and 
reach thermodynamic equilibrium.
21-23
 This process is driven by the hydrophobic effect, 
in which the hydrophobic part of the amphiphile withdraws in order to reduce contact 
with the aqueous solution.
11
 Several factors influence the self-assembly, such as i) 
geometry, chemical composition, molecular weight, and polydispersity index of the 
amphiphile, ii) preparation method, and iii) external factors (pH, solvent, temperature).
24
 
The shape of the resulting structures depends strongly on the ratio of the hydrophilic to 
the hydrophobic part of the amphiphile,
25
 and it can be predicted from the molecular 




               (1) 
Where vo and lo is the volume and length of the hydrophobic tail, and a is an optimal area 
of the hydrophilic head group.
11,26
 The dimensionless value of P characterize the 
morphology of the self-assemblies: spherical micelle (0 < P ≤ 1/3), cylindrical micelle 
(1/3 < P ≤ 1/2), or bilayer structure, such as vesicle (1/2 < P ≤ 1).26,27    
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2.2.2. 2D and 3D polymeric membranes 
Various biomimetic membranes have been developed. When considering the shape, 
they can be divided into two general groups, i.e. planar membranes and spherical 
compartments. Due to different properties and architecture, each model  has its 
advantages and limitations, and can find different applications.
6
 The group of planar 









Figure 2.2-2. Models of planar membranes: (a) Langmuir monolayer, (b) freestanding membrane, 
and (c) solid-supported membrane. 
 
Freestanding membranes have both sides of the membrane accessible. This is why 
they are appropriate for studying the protein insertion mechanism and functions of the 
proteins. Since a pristine membrane is known to be a perfect insulator, the insertion of the 
membrane protein can be monitored by change in the conductance of the system.
31,32
 The 
disadvantage of freestanding membranes is their low stability due to the limited lateral 
tension.
33
 This may lead to membrane rupture and thus make them less attractive for 
technological applications. The research of freestanding membranes is then focused on 
the fundamental understanding of membrane interactions with proteins.
34
  
Langmuir monolayers and solid-supported membranes will be described in detail in 
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Figure 2.2-3. Models of spherical compartments: (a) micelle and (b) vesicle. 
 
Vesicles are hollow spherical structures, which can be used as cavities for 
encapsulation and transport of compounds, such as enzymes, proteins, or drugs. They 
possess a lot of advantages, e.g. they protect encapsulated molecules from external 
stimuli, and transport the encapsulated molecules into cells.
36
 Depending on the 
hydrophilic/hydrophobic ratio, vesicles formed by PDMS-b-PMOXA diblock copolymers 
could result in different membrane thicknesses and different dimensions.
24
 For 
copolymers having the same hydrophilic/hydrophobic ratio, the molecular weight of the 
PDMS block was a decisive factor influencing self-assembly, i.e. when low Mw PDMS 
was used (1.3 kDa) formation of nanoparticles and micelles could be observed instead of 
vesicles. 
The properties of the vesicles can be tuned by choosing appropriate composition and 
decoration of the vesicle surface with specific ligands. One way to make the wall of the 
vesicle permeable is insertion of membrane protein. Such a permeable vesicle with 
encapsulated enzyme, is called a nanoreactor and allows production of active compounds 
in situ.
37
 Thanks to this strategy the active compounds can be produced in a controlled 
way and on demand.
17,38
 Number of membrane proteins have been successfully inserted 







instance, vesicles formed from PMOXA-b-PDMS-b-PMOXA with incorporated bacterial 
porin OmpF were used to encapsulate an enzyme penicillin acylase. Due to the presence 
of pores in the membranes the substrates (7-aminodesacetoxycephalosporanic acid, 7-
ADCA, and phenylglycine methyl ester, PGME) could enter the nanoreactors and 
cephalexin was produced.
17
 Additionally, these nanoreactors have been covalently 
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Figure 2.2-4. Scheme of enzymatically active, immobilized nanoreactors synthesizing antibiotics. 




Most polymer membranes are symmetric, being formed by the self-assembly of AB or 
ABA amphiphilic block copolymers however, in order to perform a directional membrane 
protein insertion/attachment, or to generate membranes with a different specificity at each 
surface, asymmetric triblock copolymers, ABC, represent ideal candidates. For example, 
it has been shown that PEO-b-PDMS-b-PMOXA triblock copolymer could form vesicles 
with different hydrophilic block directed toward the outside of the vesicle, depending on 
the length of PEO and PMOXA.
41
 The asymmetry of the polymer membrane was a key 
factor favoring the functionality of Aquaporin 0 with the desired orientation.
42
  
Micelles have a characteristic core-shell structure, in which the core is hydrophobic 
and the shell – hydrophilic. Even though, they do not exhibit membrane’s structure, they 
find application as hydrophobic molecule carriers, e.g. for drug delivery.
35
 In contrast to 
vesicles, poorly water soluble drugs can be accommodated in the hydrophobic core of the 
micelle, and then delivered and released at the specified area of the body.
22
 Encapsulation 
of the drug not only increases its solubility, but also provides protection and minimizes 
side effects. The release can take place by slow degradation of the micelle upon reaction 
to some stimuli (pH, temperature), or by conjugation with some antibody.
43
 Thanks to the 
small size of these systems (< 100 nm) micelles can circulate in the organism for a long 
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2.2.3. Hybrid materials 
Hybrid materials composed of phospholipids and amphiphilic block copolymers are 
considered as another type of membrane mimic. Hybrid materials blend the robustness of 
the amphiphilic block copolymers with biocompatibility of the phospholipids.
44
 These 
systems are particularly interesting for fundamental studies of interactions between 
specific components of the membranes. By modulating the composition of such mixtures, 
desired properties of the material can be obtained, and interactions between hybrid 
materials and biological membranes can be controlled.
8
 Such mixed systems can be 
developed further by introduction of the biomolecules and depending on the mixture 
composition the number and distribution of such biomolecules can be regulated. The most 
interesting approach in hybrid materials is formation of membrane mimics with lipid 
“raft-like” domains, which occur in biological membranes, and are known to participate 




Different morphologies of the hybrid materials can be obtained, depending on the 
components used and molar composition of the mixture.
8,46,47
 For example, Chemin et al. 
studied mixing of poly(ethylene glycol)-grafted-poly(ethylene oxide) (PEG-g-PEO) 
diblock copolymer with saturated 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine 
(DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) having one 
unsaturated hydrocarbon chain (Figure 2.2-5).
44
 In mixtures of PEG-g-PEO with DPPC 
domains formation could be observed, when polymer content ranged from 50 to 80%. At 
polymer content higher than 80% homogeneous vesicles were formed. In mixtures where 
polymer (≥ 60 mol%) was mixed with POPC, lipid was homogeneously distributed within 
the vesicle however when lipid was a major component of the mixture, the hybrid 
vesicles tended to form separated polymersomes and liposomes within few hours. 
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Figure 2.2-5.  Schematic of hybrid vesicles, formed by PEG-g-PEO mixed with DPPC (lipid in 
gel state) or POPC (lipid in fluid state), according to the molar composition and fluidity of the 




It is of high importance to control not only domain formation but also insertion of the 
active compounds into such hybrid membranes, e.g. proteins, in order to obtain materials 
of desired biocompatibility, properties, and functions. By incorporation of the membrane 
protein into heterogeneous membrane, the location and concentration of the protein can 
be controlled, which enables modulation of the membrane permeability and 
biocompatibility.
44,48,49
 Schulz et al. have demonstrated, that hybrid materials composed 
of poly(ethylene oxide)-block-poly(butylene oxide) (PEO-b-PBO) and ganglioside-
functionalized DPPC can be successfully used for molecular recognition of the cholera 
toxin B, which binds specifically to ganglioside.
50
 The mixture composition played a 
crucial role when binding the protein to mixed vesicles. In this work, a hybrid material 
served as the model for studying receptor/ligand recognition, due to its biofunctionality 
and possibility to tune the organization of the components in the mixture.
50
 The protein 
attachment was driven by interaction with a specific receptor, thus it was not 
spontaneous. 
Thoma et al. were the first to investigate the interactions between a binary mixture of 
PMOXA-b-PDMS-b-PMOXA and DPPC with the outer membrane protein F (OmpF), 
and showed that OmpF distributed preferentially in the polymer-rich phase,
51
 which is the 
first step in development of controlled multicomponent materials. However no further 
systematic investigation was performed on this process.  
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2.3. Langmuir monolayers 
2.3.1. Langmuir technique 
The Langmuir technique, in its simplicity, gives great possibilities to investigate the 
behavior of water insoluble molecules at the air-water interface and enables investigation 
of interactions between amphiphilic molecules at the air-water interface. Langmuir 
monolayers are considered the simplest model of the biological membrane, since they 
represent only one membrane leaflet.  
Benjamin Franklin was the first to report scientifically the phenomenon of oil 
monolayer formation at the water surface in 1774.
52
 However, the mechanism of 
monolayer formation and organization of molecules at the air-water interface has been 
developed by Irving Langmuir, who is considered to be the father of this technique.
53,54
  
The typical experiment concerning monolayer formation is performed with an 
apparatus called a Langmuir trough. This instrument consists of: i) hydrophobic Teflon 
trough, which is filled with an aqueous subphase, e.g. water, or buffer, ii) two movable, 
hydrophilic barriers, and iii) surface pressure sensor, i.e. Wilhelmy plate. To form a 
monolayer at the air-water interface the solution of amphiphile, prepared in a water-
immiscible and volatile solvent (e.g. chloroform), is spread on the water surface, the 
solvent is allowed to evaporate, and then the movable barriers close, inducing the 
Langmuir monolayer formation. A recording of the monolayer compression is usually 
presented as a surface pressure-area isotherm (Figure 2.3-1). In the beginning of the 
compression, the surface pressure corresponding to 0 mN m
-1
 means that no interactions 
between amphiphile molecules occur and that the molecules are in the gaseous state. 
Upon barrier compression, the trough’s area decreases and molecules start to interact with 
each other forming, respectively, a monolayer at the liquid-expanded (LE), liquid-
condensed (LC) and condensed (solid, S) states.
28
 At the moment when molecules are 
fully packed and no more free space between molecules is available, the monolayer 
collapses and a multilayer is formed.
55
 The isotherm provides information about 
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Figure 2.3-1. Surface pressure-area isotherm of DPPC and the monolayer states during the 
compression (blue color corresponds to hydrophilic part of the molecule, and red – to 
hydrophobic). 
 
2.3.2. Properties of the monolayers at the air-water interface 
A characteristic of the monolayer defines the shape of the isotherm and this depends 
on different factors, like experimental conditions (temperature, pH, and subphase), or size 
and structure of the molecule building the monolayer. It has been shown that monolayers 
formed by a compound bearing polar groups differ from each other depending on pH of 
the subphase. For example, fatty acids become ionized by increasing the pH, resulting in 
repulsive interactions between the molecules, which leads to expansion and stability 
decrease of monolayer.
57
 Length of the chain and degree of saturation are other criteria 
that influence monolayer formation. With increasing carbon chain length, an increase in 
van der Waals interactions between the chains can be observed which results in a more 
packed and stable monolayer.
58
 The presence of the double bond in the hydrocarbon chain 
of the amphiphile limits the flexibility of the chain and decreases adhesion between two 
molecules. It results in higher lift-off area and a lower condensation of the monolayer, 
comparing to saturated analogues, which is due to the bigger space occupied by the 
unsaturated molecule.
59
 The isotherms of saturated DPPC and unsaturated 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) show clearly the influence of double bonds on the 
isotherm shape (Figure 2.3-2). DPPC has a lift-off area at mean molecular area of 97 Å2, 
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while that for DOPC is at 125 Å2. Additionally, the lower condensation of DOPC 
monolayer is represented by a collapse point at a much higher mean molecular area as 





Figure 2.3-2. Comparison of surface pressure-area isotherms of DPPC (in black) and DOPC (in 
red). 
 
The surface pressure-area isotherms provide information about phase transitions of 
the monolayer at the air-water interface,
56
 which are expressed by the change of the 
isotherm’s slope. The phase transition depends strongly on the amphiphile’s character and 
does not have to take place instantaneously. For instance, the isotherm of DPPC 
represents a plateau at surface pressures ranging from 4 to 7 mN m
-1
, corresponding to a 
change of the monolayer state from liquid-expanded to liquid condensed state.
62
 In both 
of these states the monolayer is uniform and continuous however in LE state most of the 
molecules are organized horizontally and in LC – vertically. Plateaus can be also 
observed during compression of high molecular weight amphiphilic block copolymers. 
The plateau formation is due to the rearrangement of the molecules during monolayer 
compression, like stretching of the hydrophobic and hydrophilic block and formation of 
the densely packed film.
63
 It was shown that depending on the hydrophobic and 
hydrophilic blocks’ lengths, the plateau can be more or less pronounced.64,65  
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The state of the monolayer at the air-water interface depends on the condensation 
degree and can be established by calculations of compressibility modulus, which is 
defined as:  
 𝐶𝑠





            (2) 
Where A is the mean molecular area (Å2/molecule), π is the surface pressure (mN mol-1), 
and T is the temperature (°C).66 Depending on the  𝐶𝑠
−1 value following states of the 
monolayer can be distinguished: gaseous ( 𝐶𝑠
−1 = 0 – 10 mN m-1), liquid-expanded ( 𝐶𝑠
−1 
= 10 – 50 mN m-1), liquid ( 𝐶𝑠
−1 = 50 – 100 mN m-1), liquid-condensed ( 𝐶𝑠
−1 = 100 – 250 
mN m
-1
), and solid ( 𝐶𝑠
−1 > 250 mN m
-1
). Note, that not all molecules form monolayers at 
the solid state and it depends strictly on the molecule structure.  
 
2.4. Solid-supported polymer membranes 
2.4.1. Strategies for planar solid-supported membranes preparation 
Development of solid-supported membranes is of high interest, since it enables 
investigation of biological membrane-related processes. Deposition of the membrane 
allows biofunctionalization of the inorganic solids for formation of ultrathin electric-
resistant layers and design of biosensors.
30
 The solid support provides increased stability 
of the membrane and in addition, the membrane can be characterized by surface sensitive-
techniques, which is not possible in the case of other membrane models.
67
  
Two main approaches for preparation of the solid-supported films can be 
distinguished: grafting from and grafting to strategies (Figure 2.4-1). Grafting from 
strategy involves surface-initiated polymerization. This method provides good control 
over the brush thickness and homogeneity.
68
 In grafting to strategy, the prefabricated 
polymer is deposited on the surface either by electrostatic interactions (physisorption) or 
formation of a covalent bond between the modified end-group and the surface 
(chemisorption).
69
 The advantage of this method is its simplicity, i.e. it does not involve 
elaborate synthetic procedures.
70
 On the other hand, this strategy suffers some limitations, 
like difficulty to obtain a densely packed and thick polymer film due to the steric 
repulsions between polymer chains.
34
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In order to prepare ordered, membrane-like systems having discrete hydrophilic-
hydrophobic-hydrophilic regions two other techniques, which can be attributed to the 
grafting to approach, have been applied, i.e. spreading of the vesicles on the surface, and 
transfer of the monolayers from the air-water interface.
71
 These two techniques as well as 
grafting from method will be described in more details in the following sections.  
 
Figure 2.4-1. Strategies for preparation of solid-supported membranes: (a) surface-initiated 
polymerization (grafting from approach), (b) vesicles spreading (grafting to approach), and (c) 
Langmuir-Blodgett and Langmuir-Schaefer transfers (grafting to approach).
34
    
 
2.4.2. Membranes prepared by surface-initiated polymerization 
Membranes grafted from the surface consist of amphiphilic triblock copolymers, 
where a middle block is hydrophobic and peripheral blocks are hydrophilic. Such 
polymer membranes can be prepared, for example, by surface-initiated atom transfer 
radical polymerization, which provides a good control over the brush thickness.
69,72
 
Rakhmatullina et al. were the first to present the synthesis of a biomimetic membrane, 
composed of poly(2-hydroxyethyl methacrylate)-block-poly(n-butyl methacrylate)-block-
poly(2-hydroxyethyl methacrylate) (PHEMA-b-PBMA-b-PHEMA) triblock copolymer, 
from a gold surface.
73
 Attenuated total reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) measurements proved the growth of the brush, which was confirmed by 
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thickness measurements by ellipsometry. It was shown that length of each block can be 
modulated by change of the reaction time. PHEMA-b-PBMA-b-PHEMA brush showed to 
be responsive to the solvents in which it was placed as established by atomic force 
microscopy (AFM) (Figure 2.4-2). In ethanol, which is a good solvent for both blocks, the 
polymer chains stretched and formed a homogeneous brush. Incubation in the hexane, 
having different polarity than ethanol, induced the reorganization of the polymer chains in 
this way, that hydrophobic PBMA block was exposed toward hexane, resulting in a more 
rough and rippled surface.  
 
Figure 2.4-2. AFM analysis of triblock copolymer brushes treated with (a) ethanol, and (b) 
hexane.
73
 Size of images is 2 x 2 μm2. 
 
Even though this technique provides a good control over the brush density and 
thickness,  and enables obtaining structures resembling biological membranes, the 
polymer chains are attached covalently to the surface. They have low lateral mobility, 
which reduces the possibility of protein insertion.
71
 In order to overcome this limitation, 
other techniques, such as vesicle spreading or transfer of monolayer from air-water 
interface, have been applied for biomimetic membrane preparation.  
 
2.4.3. Membranes prepared by vesicle spreading     
Vesicle spreading is a straightforward method to obtain solid-supported membranes 
and it is commonly used for preparation of solid-supported lipid membranes.
74-77
 
However, only few reports concerning polymer vesicles spreading on solid supports can 
be found,
78,79
 due to the emergence of this research area. The advantage of this technique 
is the possibility of obtaining a membrane consisting of two layers (a bilayer) if spread 
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vesicles were formed by phospholipids or diblock copolymers. In addition, formation of 
the membrane can be monitored by techniques such as surface plasmon resonance 
spectroscopy (SPR),
78
 or by quartz crystal microbalance with dissipation (QCM-D).
80
  
Different parameters are influencing membrane formation, e.g. vesicle size, 
temperature, osmotic pressure, and choice of solid support.
77
 By finding appropriate 
conditions for spreading, homogeneous membranes can be formed. For example, it was 
shown that the charge of the phospholipid and its interactions with the slightly anionic 
silica support determines the deposition pathway (Figure 2.4-3).
76
 Positively charged 
small unilamellar vesicles (SUVs) formed by N-[1-(2,3-dioleoyloxy)]-N,N,N-
trimethylammonium propane (DOTAP) spread directly on the substrate forming bilayer 
discs, which after continuous exposure to liposomes coalesced. Negatively charged 
vesicles, formed by 50% of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 50% 
of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), attached to the substrate, but did 
not rupture. Slightly negatively charged vesicles (20% of DOPS and 80% of DOPC) first 
attached to the surface and then collapsed to form an uniform membrane. 
 
 
Figure 2.4-3. QCM-D data presenting deposition of SUVs on the silica substrate. The SUVs were 
formed by: (a) positively charged phospholipid, DOTAP, (b) 50% zwitterionic DOPC and 50% 




Rakhmatullina et al. were the first to investigate the interactions of poly(2,2-
dimethylaminoethyl methacrylate)-block-poly(n-butyl methacrylate)-block- poly(2,2-
dimethylaminoethyl methacrylate) (PDMAEMA-b-PBMA-b-PDMAEMA) triblock 
copolymers with three different surfaces, i.e. highly ordered pyrolytic graphite (HOPG), 
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silicon oxide, and mica.
79
 Mica is a strongly hydrophilic and negatively charged 
substrate,
82
 while silicon oxide is weakly anionic.
83
 HOPG is known to be hydrophobic 
and chemically inert.
84
 Since the PDMAEMA block is a polycation, the surface of the 
vesicles formed from PDMAEMA-b-PBMA-b-PDMAEMA triblock copolymer is 
positively charged and thus different interactions with each substrate were observed 
(Figure 2.4-4).  
 
Figure 2.4-4. Organization of PDMAEMA-b-PBMA-b-PDMAEMA triblock copolymer on the: 




On a HOPG substrate, the polymer attached to the substrate through the hydrophobic 
PBMA block and formed an inhomogeneous film. On the top of this film some collapsed 
vesicles could be found. Since the silicon oxide substrate is weakly anionic, intact 
vesicles attached to the substrate and after drying they collapsed and formed bigger 
aggregates. Only when spreading on freshly cleaved mica, formation of a stable and 
homogeneous membrane could be observed, which was due to the strong electrostatic 
interactions between negatively charged mica and positively charged vesicles. Different 
polymer organization could be obtained depending on substrate properties, and due to 
strong electrostatic interactions, solid-supported polymer membranes could be obtained. 
However, when considering biological applications this particular system would not be 
suitable, due to the toxicity of cationic PDMAEMA block. This is why Dorn et al. studied 
spreading of vesicles formed by the poly(butadiene)-block-poly(ethylene oxide) (PB-b-
PEO) diblock copolymer.
78
 The vesicle spreading was accompanied by investigation of 
covalent interactions between lipoic acid-functionalized PB-b-PEO and gold substrate. 
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Since the vesicles were formed by diblock copolymers after spreading on the surface 
authors expected to obtain a solid-supported bilayer. Only the bottom layer was attached 
covalently to the gold substrate, whereas a second layer was attached by hydrophobic 
interactions. Such a system is more similar to the biological membrane and makes the 
membrane more fluid, than the one formed by a triblock copolymer. The vesicle 
spreading was performed in the solution containing 1.4 M NaCl and at a temperature of 
45 °C, which resulted in a membrane of high homogeneity (Figure 2.4-5). Quick rinsing 
with salt solution, drying, and consecutive rehydration, increased the homogeneity of the 
bilayer however some additional polymer aggregates attached to the bilayer surface could 
be still observed. The SPR and force/distance (AFM) measurements showed the thickness 





Figure 2.4-5. AFM (a) height and (b) phase images of polymer bilayer formed by vesicle 
spreading in 1.4 M NaCl and at 45 °C.78 Scale bars: 2 μm. 
 
2.4.4. Membranes prepared by monolayer transfer from the air-water interface 
Transfers of the monolayers from the air-water interface form homogeneous and 
defect-free membranes. The advantage of this method is a high control over the surface 
pressure of the transferred monolayer (thus density of the monolayer) and no substrate 
size restrictions. The Langmuir-Blodgett (LB) technique enables deposition of more than 
one layer on a solid support. Depending on the deposition strategy, different multilayer 
preparation types can be distinguished: X-, Y-, and Z- type (Figure 2.4-6). Successive 
emersion and immersion of the substrate, corresponding to Y-type deposition, results in 
the formation of a head-to-head and tail-to-tail multilayer structure.
56
 Multilayers can also 
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be formed by multiple immersions (X-type) or emersions (Z-type) of the substrate. 
However, very often the interactions between two monolayers are not strong enough to 
induce desorption of the monolayer from the water surface, precluding the method of 
monolayer transfer.
86
 To overcome this problem, Langmuir-Schaefer (LS) deposition 
technique can be applied.   
 




Formation of the membranes involves two transfers, i.e. LB and LS transfers (Figure 
2.4-7). In LB transfers the substrate is dipped out from the water allowing attachment of 
the Langmuir film to the substrate with the hydrophobic part of the molecule.
87
 LS 
transfers allow building of the second upper layer of the membrane by dipping a 
horizontally placed substrate, with the deposited first layer, into the subphase. 
Combination of LB and LS techniques allow construction of asymmetric multilayers, as 
membrane’s mimics.88  
 
Figure 2.4-7. (a) Langmuir-Blodgett (LB) and (b) Langmuir-Schaefer (LS) deposition of the 




In order to perform a successful transfer the monolayer at the air-water interface has 
to be homogeneous, which can be established by Brewster angle microscopy (BAM), and 
stable in time. This is why before performing deposition on the substrate the compound 
should be carefully investigated on the Langmuir trough. It should be also noted that 
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transfer might disrupt the structure of the monolayer, so it is not applicable for all kinds 
of monolayers.
89
 Transfer ratio is a parameter describing the quality of the deposition and 
it is defined as the ratio of decrease in Langmuir monolayer surface area to the total 
surface area of the substrate.
90
 Transfer ratio (TR) near unity indicates the successful 
deposition of the monolayer, however in some cases it might happen, that during transfer 
the molecular packing density within the monolayer changes and then TR = 1 does not 
correspond to the defect-free film. This is why this parameter can give an idea about 
transfer quality, but it cannot be taken as decisive.
90
 
Belegrinou et al. were the first to prepare a solid-supported polymer membrane 
composed from PB-b-PEO diblock by applying LB and LS transfer techniques. The first 
layer of the membrane was attached covalently to the gold surface by formation of Au-
sulfur linkage between the substrate and a lipoic acid-functionalized polymer.
85
 The 
second layer prepared by LS transfer was attached by hydrophobic interactions between 
PB blocks of both layers. The SPR and AFM analysis revealed formation of stable, 
uniform, and fluid membranes with a thickness of 11 nm. The polymer bilayers were 
stable in air for approximately 2 h, which is advantageous when comparing with solid-
supported lipid membranes which are known to break down immediately after drying.
91-93
 
After 12 h of exposure to air the PB-b-PEO bilayers disassembled and rearranged to form 
the aggregates (Figure 2.4-8). 
 
Figure 2.4-8. AFM height images of solid-supported PB-b-PEO membranes: after (a) 1.4 h of 
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2.4.5. Functionalization of solid-supported membranes 
The main purpose for preparation of solid-supported membranes is to mimic the 
biological membranes and to obtain functional surfaces. This is why a step further after 
preparation of the artificial membrane is an introduction of biomolecules into such 
membranes, as the active compounds. Three general strategies for membrane 
functionalization can be distinguished: i) adsorption/immobilization on the surface, ii) 
insertion into the membrane, or iii) biotin-streptavidin and metal-His-tag protein 
couplings.
6,94
 In order to perform successful membrane functionalization it has to be 
performed in organic solvent-free environment and in physiological conditions.
95
 The 
membrane should also possess specific composition and properties, such as thickness, 
density, and fluidity, which will promote biomolecules attachment.
34
  
Immobilization of the biomolecules is a straightforward method to develop active 






 For example, 
immobilization of enzymes on surfaces enhances enzyme’s solubility and stability, 
facilitates separation of the enzyme from the product, and allows continuous repeated 
use.
99-101
 Various methods have been proposed for enzyme’s immobilization: i) physical 
adsorption, ii) covalent binding to modified surfaces, iii) cross-linking, and iv) 
entrapment in matrices, such as polymer networks, channels or capsules.
6,102,103
 In order 
to obtain high enzyme loading, immobilization is frequently performed on porous 







porous materials suffer diffusional limitations because of the large molecular weight 
substrates involved in the enzymatic reaction. Whilst non-porous materials should 
overcome this limitation, their drawbacks are low enzyme loading, and the risk of protein 
denaturation on contact with a hard support.
107
 Thus to avoid protein denaturation, the 
solid support has to be covered with soft layers, as for example lipids or polymers.
92
 
There are numerous examples of successful enzyme immobilization on surfaces covered 
with lipid layers via physical adsorption. Examples include immobilization of rat osseous 
plate alkaline phosphatase on phospholipid films deposited on gold LB transfers,
108
 and 
immobilization of tyrosinase by ionic interactions between the enzyme and a solid 
support.
102
 As stability in time and robustness are key factors for potential applications of 
active surfaces, an elegant approach is to use polymer instead of lipid membranes. 
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Insertion of the protein follows a complex scenario and number of requirements has to 
be fulfilled. For example, a membrane has to be stable, highly homogeneous while fluid 
enough to host a protein.
109
 The biggest challenge one meets in the functionalization of 
membranes, is insertion of the transmembrane protein, in such a way that the protein 
keeps its native structure and function. If the transmembrane protein is inserted into the 
membrane, which is directly deposited on the substrate, there is a risk of protein 
denaturation by contact with the bare and hard substrate.
67,92
 This problem has been 
overcome by introducing, a few nm thick, polymer “cushion” in between the solid 
substrate and the artificial membrane (Figure 2.4-9). The appropriate “cushion” should be 
thermodynamically and mechanically stable, and  need to interact in the repulsive way 
with the membrane.
67
 Several types of polymers have been applied to form a membrane 
support, such as: cellulose, dextran, chitosan, or polyelectrolytes.
92,110
 Another strategy is 
usage of lipopolymers tethers, which are soft polymer chains bearing a macromolecular 
head groups, which can be incorporated into the membrane.
111
 Furthermore, they have 
been frequently used for insertion of the proteins, e.g. incorporation of ATPase,
112
 outer 
membrane proteins (OmpF and OmpA),
113
 or α-hemolysin (α-He).114 The most 
commonly used technique for preparation of a solid-supported lipid membrane with 




Figure 2.4-9. Solid-supported lipid membrane with inserted transmembrane protein. Membrane 





Insertion of the protein into the solid-supported polymer membranes has not yet been 
studied extensively, even though they are good candidates to host a membrane protein. 
Due to the increased thickness of the polymeric membrane (3 – 40 nm) comparing to lipid 
membranes thickness (3 – 4 nm),116 the interactions between a solid substrate and 
incorporated membrane proteins can be reduced, preventing the protein from 
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 Dorn et al. were the first to study the interactions between solid-supported 
polymer membrane, composed from PB-b-PEO diblock copolymer, and a polypeptide, 
namely polymyxin B by performing electrochemical impedance spectroscopy 
measurements.
78
 The authors showed that the peptide was attaching to the membrane only 
temporarily and then slowly diffused into the solution. A step further was insertion of α-
He into a solid-supported PB-b-PEO membrane upon applied electrical current, which 
destabilized the membrane.
117
 The protein was inserted permanently and it preserved its 
functions, as shown by flow of the ions through the membrane until Donnan equilibrium 
was reached. This method suffers some limitations: i) protein insertion has to be 
performed in a special chamber and with usage of a setup for electrical current 
generation, ii) the size of membrane is limited to the dimensions of the chamber in which 
the electrical current is applied, iii) the membrane has to be prepared on gold substrate, 
and iv) applied current may be too high which may lead to denaturation of the protein, or 
disruption of the membrane.  
Besides these two examples, no other attempts of protein incorporation into the solid-
supported polymer membranes have been made, which evidences that it is still an 
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3. Results and Discussion 
 
3.1. Surface engineering by insertion of membrane proteins into 
solid-supported polymer membranes 
The scope of this project was the development of a new strategy for insertion of a 
membrane protein into solid-supported polymer membranes. The goal was to introduce a 
straightforward approach, which would allow for protein insertion into large area 
membranes, by using a more gentle method of destabilization of the protein than 
electrical current. 
The solid-supported membranes were prepared from PDMS-b-PMOXA diblock 
copolymers by LB and LS transfer techniques. In order to increase the stability of the 
membrane the first layer was attached covalently to the amino modified substrates (silica 
wafer, glass, and gold), by formation of weak imine bond. The second layer was attached 
by non-covalent, hydrophobic interactions between the PDMS blocks of both layers 
(Figure 3.1.-1). A cyclic nucleotide-modulated potassium channel from Mesorhizobium 
loti (MloK1) was selected as the model membrane protein,
118,119
 due to the structure 
similarity to eukaryotic cyclic nucleotide-modulated ion channels, which are well known 
for signal transduction in eukaryotes.
120-122
 Insertion of the membrane protein was 
performed by using Bio-Beads, which are capable to adsorb detergent molecules from 




Figure 3.1-1. Schematic representation of solid-supported polymer membrane of PDMS65-b-
PMOXA12 diblock copolymer. 
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3.1.1. Polymer modification and characterization 
The PDMS-b-PMOXA diblock copolymer was synthetized by cationic ring opening 
polymerization.
14
 The polymerization was terminated with potassium hydroxide, which 
resulted in a hydroxyl-terminated polymer. The obtained copolymer was composed of 65 
PDMS units and 12 PMOXA units, and the molar mass of the polymer was 5735 g mol
-1
 
as calculated from 
1
H NMR data. Gel permeable chromatography (GPC) characterization 
showed the PDI of the obtained copolymer to be 1.67.  
In order to attach the first layer of the membrane to the surface, the hydroxyl end-
group of PDMS-b-PMOXA was selectively oxidized to the aldehyde, by a Dess-Martin 
oxidation.
124
 Both copolymers, i.e. with hydroxyl and aldehyde groups have been 
characterized by 
1
H NMR and ATR-FTIR in order to prove that the oxidation did not 
influence the polymer structure. In the 
1
H-NMR spectra of hydroxyl terminated and 
oxidized polymer (Figure 3.1-2), the signal at δ = 0 ppm corresponds to the Si-CH3 group 
(6H, a) in the PDMS block, the signal at δ = 1.96 – 2.08 ppm is assigned to the CH3-CON 
group (3H, b) in the PMOXA block, and the signal at δ = 3.39 ppm corresponds to N-
CH2-CH2-CHO (4 H, c). The detailed assignment of 
1
H-NMR peaks can be found in 
section 6. Both 
1
H-NMR spectra represent the same shift of peaks, which indicate that no 
structural reorganization of the polymer occurs during oxidation. This was confirmed by 
ATR-FTIR measurements (Figure 3.1-3), in which the peak at 2960 cm
-1
 is associated 
with the C-H bond from alkyl groups, the peak at 1642 cm
-1
 corresponds to amide group, 




are due to the Si-O-Si stretching, and the peak at 
790 cm
-1
 is assigned to Si-CH3 group. 
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Figure 3.1-2. Representative 
1
H-NMR spectra of hydroxyl terminated (in black), and oxidized 
PDMS65-b-PMOXA12 diblock copolymer (in red), and copolymer structure. 
 
 
Figure 3.1-3. Representative ATR-FTIR spectra of hydroxyl terminated (in black), and oxidized 
PDMS65-b-PMOXA12 diblock copolymer (in red). 
 
Since the PDMS-b-PMOXA diblock copolymer is a macromolecule 
1
H-NMR and 
ATR-FTIR techniques turned out to not be sensitive enough to detect oxidation of the 
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polymer end-group. This is why the presence of the aldehyde group in the polymer was 
confirmed by performing two analytical tests, i.e. Brady's test and Tollens’ test (details 
are given in the experimental part). In the Brady’s test the reaction between 2,4-
dinitrophenylhydrazine and aldehyde resulted in a yellow precipitate (Figure 3.1-4 a), 
whilst in the Tollens’ test, a black precipitate of silver was observed when performing the 
experiment in the presence of aldehyde-terminated copolymer (Figure 3.1-4 b). In both 
tests, the hydroxyl-terminated copolymer was used as the control and in both cases no 
precipitates were observed. 
  
Figure 3.1-4. Pictures of aldehyde terminated (left side) and hydroxyl terminated (right side) 
copolymer after (a) the Brady’s test and (b) the Tollens’ test. 
 
3.1.2. Labeling of the protein with fluorescent dye 
The potassium channel, MloK1, which is a transmembrane protein, was labeled with 
the fluorescent dye DyLight 488. This dye is activated with an N-hydroxysuccinimide 
(NHS) ester group, which reacts with primary amines (–NH2), resulting in the formation 
of a stable amide bond (Figure 3.1-5). MloK1 was dissolved in Tris, a primary amine 
buffer, which is not compatible for labeling due to competing for reaction with dye. For 
this purpose the first step to obtain a labeled protein was a change of buffer to Bicine (2-
(bis(2-hydroxyethyl)amino)acetic acid). The reaction was performed in dimethyl formamide 
(DMF) over 1 h, and after this time the unbound dye was removed by dialysis (details are 
given in the experimental part).  
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Figure 3.1-5. Scheme of the reaction between the NHS ester group of dye and primary amine of 
the protein. 
 
The successful labeling of the protein was proven by ultraviolet-visible 
spectrophotometry (UV/Vis) and sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). The UV/Vis spectrum of labeled MloK1 showed the 
appearance of an absorption peak at 495 nm, which is characteristic for DyLight 488 
(Figure 3.1-6). The SDS-PAGE of the pure non-labeled MloK1 presents bands which are 
due to monomeric (Mw = 37 kDa), dimeric (Mw = 74 kDa), and tetrameric (Mw = 210 
kDa) forms of the protein (Figure 3.1-7).
118
 The strongest band corresponding to 
monomeric MloK1 is doubled, because it corresponds to two populations: with and 
without disulfide bonds. The bands corresponding to the labeled MloK1 appear at slightly 
higher molecular weights indicating successful modification with the fluorescent dye. The 
bands corresponding to the monomeric MloK1 do not appear exactly at the Mw of 37 
kDa, according to the ladder. This phenomenon is common for membrane proteins and 
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Figure 3.1-6. UV-Vis spectra of pure (black) and labeled (red) MloK1. 
 
Figure 3.1-7. SDS-PAGE of (a) protein marker, (b) purified full-length MloK1, and (c) MloK1 
labeled with a fluorescent dye. 
 
In order to show that labeling did not influence the secondary structure of the MloK1, 
circular dichroism (CD) measurements were performed. CD profiles of both pure and 
labeled proteins revealed dual minima at 208 and 222 nm, which are characteristic for α-




 Results and Discussion    
- 41 - 
 
 
Figure 3.1-8. CD spectra of purified MloK1 (black) and MloK1 labeled with a fluorescent dye 
(red). 
 
Finally, the purity of the labeled protein was examined by fluorescence correlation 
spectroscopy (FCS) and confocal laser scanning microscopy (CLSM). FCS provided 
information about number of fluorescent fractions in the probed solution of labeled 
MloK1. The measurements showed that the solution was composed up to 86% of 
components having relaxation time of 327.6 μs, and of 17% of component with relaxation 
time of 30 μs. Longer relaxation time corresponds to component of higher molecular 
weight. It can thus be assigned to labeled MloK1, whilst the lighter component of shorter 
relaxation time corresponds to the free dye, which was not removed during dialysis. 
CLSM control measurements, which is described in details further, in paragraph 3.1.6, 
confirmed that no dye aggregates were formed and attached to the surface. 
 
3.1.3. Polymer at the air water interface 
In order to get information about polymer organization and behavior at the air-water 
interface we investigated monolayers formed by PDMS65-b-PMOXA12 diblock 
copolymer on the Langmuir trough. A chloroform solution of the polymer was spread 
dropwise on the water surface, and after evaporation of the solvent, the compression was 
performed. The surface pressure-area isotherm of this polymer has a lift-off area at 1082 
Å2 and a collapse point at 60 Å2, which corresponds to surface pressure of 53 mN m-1 
(Figure 3.1-9). The isotherm has two characteristic plateaus corresponding to the 
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rearrangements of the polymer chains during the compression. The first plateau at surface 
pressure of 12 mN   m
-1 
is due to desorption of the hydrophobic block from water, while 
the second one at 17 mN m
-1
 stands for further stretching of the polymer chain and 
formation of  a uniform film.
63,65
 These rearrangements are well pronounced in the graph 
presenting the compressibility modulus at mean molecular area of 400 Å2.  
The maximal 𝐶𝑠
−1, close to the collapse point, has a value of 44 mN m
-1
, indicating 
liquid-expanded state of the monolayer.    
 
Figure 3.1-9. Surface pressure (, black line) and compressibility modulus (𝐶𝑠
−1, red line) versus 
mean molecular area of PDMS65-b-PMOXA12 diblock copolymer. Gray arrows indicate two 
plateaus. 
 
The film compression was additionally monitored by BAM. These measurements 
revealed that during the whole compression, the film stayed homogeneous (Figure 3.1-
10). The only features visible on the BAM images are small white spots, which 
correspond to surface micelles formed by hydrophobic chains and which have been 
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Figure 3.1-10. BAM images of a PDMS65-b-PMOXA12 diblock copolymer monolayer at the air-
water interface at surface pressures of: (a) 10, (b) 20, (c) 30, and (d) 40 mN m
-1
. Size of images: 
200 x 250 μm2. 
 
In order to perform successful transfer of the monolayer to a solid support, the 
monolayer has to be stable at the air-water interface. For this purpose the polymer was 
compressed to 37 mN m
-1
 and then the surface pressure of the monolayer was monitored 
over one hour (Figure 3.1-11). After this time the surface pressure did not change 
significantly, which indicated that the polymer chains do not desorb from the air-water 
interface to the aqueous subphase, forming stable films. The stability of the polymer 
monolayer was also investigated after addition of the small volume of detergent on the 
monolayer at the air-water interface. These measurements showed that presence of the 
detergent does not influence neither formation nor stability of the polymer monolayer. 
 
Figure 3.1-11. Stability of the PDMS65-b-PMOXA12 diblock copolymer monolayer at the air-
water interface. 
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In summary, measurements performed on the Langmuir trough reveal that PDMS65-b-
PMOXA12 diblock copolymer at the air-water interface forms homogeneous and stable 
monolayers in the liquid-expanded state, which makes it a good candidate to further 
explore solid-supported membranes.  
 
3.1.4. Functionalization of the solid support with amino groups 
Three different substrates, i.e. silica, glass, and gold, have been used for the 
preparation of polymer membranes, which enabled use of various characterization 
techniques. Silica and glass are frequently used as models for the investigation of protein 
adsorption on modified surfaces.
83,130
 Glass substrates were used for CLSM 
measurements, for which transparent surfaces are essential. On the other hand, gold 
substrates were used for electrical conductance measurements. 
All the substrates were modified with linkers whose amino end-group could form an 
imine bond with the aldehyde end-group of the copolymer. In this way the stability of the 
membrane could be increased, but since the imine bond is weak, not all polymer chains 
attach permanently to the substrate and the fluidity of the membrane could thus be 
preserved. In addition, the linker layer acts as a spacer between the substrate and the 
membrane, which prevents strong interactions between the membrane protein and the 
hard substrate. 
Silica and glass substrates were modified with 3-aminopropyltriethoxysilane 
(APTES). Such a strategy has been applied before for immobilization of the polymer 
vesicles composed of PEO-b-PLA diblock copolymers functionalized with aldehyde end-
group.
131
 APTES is known to easily form multilayers thus functionalization was 
performed in water- and oxygen-free conditions with a short reaction time.
132,133
 The 
thickness of the resulting monolayer established by ellipsometry was approximately (0.9 
± 0.1) nm, in agreement with the theoretical value of 0.8 nm.132 Contact angle of the 
substrate increased from 35° for bare silica to 66° for a silanized surface. AFM 
measurements revealed the silanized silica substrate to be smooth with an average 
roughness (Ra) of 0.2 nm (Figure 3.1-12). 
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Figure 3.1-12. AFM images of: (a) bare silica slide, and (b) APTES modified silica slide. Scale 
bars: 2 μm. 
 
Silanized substrates were also investigated by ATR-FTIR. A bare silica slide was 
measured as the reference. The appearance of peaks characteristic for APTES in the 
spectrum indicates successful functionalization (Figure 3.1-13). The observed peaks from 




, and 1106 cm
-1
, and C-H 




Figure 3.1-13. ATR-FTIR spectrum of silanized silica substrate. 
 
Gold substrates were modified with 11-amino-1-undecanethiol hydrochloride (AUT), 
which bears amino and thiol end-groups and is known to form self-assembled monolayers 
on gold substrates.
134
 After functionalization, the contact angle decreased from 103° for 
bare gold to 76° for the AUT modified substrate. Ellipsometry measurements indicated 
that the AUT layer had a thickness of (3.3 ± 0.2) nm, and AFM showed the film to be 
homogeneous (Figure 3.1-14). ATR-FTIR confirmed successful surface modification. A 
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blank gold substrate was used as the background and the spectrum of AUT-modified 
substrate showed: a peak at 1046 cm
-1
 corresponding to the C-N group, and peaks at 2897 
cm
-1
 and 2985 cm
-1 
corresponding to the C-H stretching modes (3.1-15). 
 
Figure 3.1-14. AFM images of: (a) bare god substrate, and (b) AUT modified gold substrate. 
Scale bars: 2 μm. 
 
 
Figure 3.1-15. ATR-FTIR spectrum of AUT modified gold substrate. 
 
Such amino-functionalized slides were directly used for preparation of the polymer 
membranes, by Langmuir-Blodgett and Langmuir-Schaefer transfer techniques.  
 
3.1.5. Preparation of solid-supported membranes 
Solid-supported membranes were prepared by transfer of the polymer monolayers 
from the air-water interface, which provides defect-free deposition of highly ordered 
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films. The transfers were performed at a surface pressure of 37 mN m
-1
, since at this 
surface pressure the isotherm reveals a steep slope, indicating formation of a densely 
packed film. At a surface pressure of 37 mN m
-1
 the polymer monolayer is in the liquid-
expanded state, as established by the compressibility modulus ( 𝐶𝑠
−1 = 45 mN m
-1
). 
Additionally, this surface pressure corresponds well to the surface pressure of the natural 





The first layer was attached covalently to the amino modified substrates by 
performing a Langmuir-Blodgett transfer. Freshly transferred films on silica were 
characterized by contact angle, ellipsometry and AFM. After the transfer, contact angle 
increased from 66° (for APTES-modified silica) to 80°, which indicates that the 
hydrophobic PDMS block was directed upwards. The thickness of the monolayer was 
(6.5 ± 0.5) nm, as established by ellipsometry. The morphology of the monolayer was 
studied by AFM (Figure 3.1-16). 
 
Figure 3.1-16. AFM image of a polymer monolayer and the corresponding height profile. Scale 
bar: 2 μm. 
 
The AFM image revealed that the monolayer is homogeneous and smooth with a 
roughness of approximately 0.2 nm. Bright structures visible on the surface correspond to 
some adsorbed impurities as well as to the fine aggregates of the hydrophobic unreacted 
PDMS. Since the AFM measurements were performed in liquid the PDMS blocks tended 
to rearrange in order to reduce contact with the water. However, the covalent attachment 
of the polymer to the substrate limited their freedom, which resulted in formation of 
aggregates. Scratching a membrane area of 1 μm2 with a hard cantilever produced a 
trough with a depth of 2 nm (Figure 3.1-17). Due to the fact that most of the polymer 
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chains were attached covalently it was not possible to remove them by scratching with a 





Figure 3.1-17. AFM image of the scratched monolayer and the corresponding height profile. 
Scale bar: 4 μm. 
 
The second layer of the membrane was attached to the first layer by non-covalent, 
hydrophobic interactions and it was deposited by Langmuir-Schaefer transfer. The 
average thickness of the bilayer, measured by ellipsometry, was (11.2 ± 0.5) nm. The 
thickness of the resulting membrane was slightly lower than a doubled thickness of the 
monolayer, due to the interdigitating of the PDMS blocks of both layers.
136
 The contact 
angle of the bilayer decreased from 80° (for monolayer) to 62°, which indicates the 
presence of the hydrophilic PMOXA block on the top of the membrane and confirms a 
hydrophilic-hydrophobic-hydrophilic character of the membrane. AFM measurements 
revealed the bilayer to be smooth and homogeneous with a Ra of 0.6 nm (Figure 3.1-18). 
 
Figure 3.1-18. AFM image of polymer bilayer and the corresponding height profile. Scale bar: 2 
μm. 
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Covalent attachment of the polymer membrane to the amino modified substrates was 
examined by ATR-FTIR spectroscopy. The freshly prepared membranes, prepared on 
both, silica and gold substrates, were measured by ATR-FTIR. Bare silicon or gold slides 
were used as references. Then the bilayers were thoroughly rinsed with ethanol, which is 
a good solvent for the PDMS-b-PMOXA diblock copolymer, and measured again. The 
peaks characteristic for the polymer had lower intensity after rinsing, due to removal of 
the upper polymer layer, which confirms covalent attachment of the first layer to the 
substrate (Figure 3.1-19). The peaks at 2958 cm
-1 
(on the spectrum of the polymer 
membrane prepared on SiO2 substrate), and at 2963 cm
-1 
(on the spectrum of the polymer 
membrane prepared on Au substrate), are associated with the C-H bond from alkyl 
groups, those at 1634 cm
-1
 (SiO2 substrate) and 1645 cm
-1
 (Au substrate) are from the 




correspond to Si-O-Si 
stretching, and the peaks at 820 cm
-1 
are assigned to Si-CH3 group.  
 
Figure 3.1-19. ATR-IR spectra of polymer bilayer on (a) silica and (b) gold substrates before 
(black line) and after (red line) rinsing with ethanol. 
 
3.1.6. Incorporation of membrane protein into polymer membrane 
A cyclic nucleotide-modulated potassium channel from Mesorhizobium loti (MloK1) 
was selected as the model membrane protein, due to the structure similarity to eukaryotic 
cyclic nucleotide-modulated ion channels, which are well known for signal transduction 
in eukaryotes.
120-122
 MloK1 consists of six transmembrane α-helices and an N-terminal 
cytoplasmic cyclic nucleotide binding domain (CNBD). MloK1 forms a tetrameric 
complex with a molecular mass of approximately 210 kDa, a height of 10 nm, and a 
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width of 8.5 nm.
118
 The tetrameric full-length channel is composed of: i) a 
transmembrane part containing the central pore and putative voltage sensing domains, and 
ii) the cytosolic part comprising four CNBDs. When the latter bind 3′,5′-cyclic adenosine 
monophosphate (cAMP) or cyclic guanosine monophosphate (cGMP), they induce 
conformational changes that activate the channel.
137 
MloK1 is insoluble in water because of its hydrophobic transmembrane region. This 
is why in aqueous solution it is stabilized by a detergent (n-decyl-β-D-maltopyranoside, 
DM). Incorporation of the detergent-solubilized protein into a membrane requires the 
removal of the detergent and thus destabilization of the protein which is a factor driving 
insertion. The detergent was removed from solution by adding Bio-Beads, which are 
polystyrene porous beads with pore diameter of approximately 90 Å.138 This method 
allows efficient but gentle detergent removal, without affecting neither the protein nor 
membrane.
139,140
 After destabilization, the protein is forced to incorporate in the polymer 
membrane, in order to preserve its structure due to the suitable hydrophobic environment 
of the polymer membrane (Figure 3.1-20). 
 
Figure 3.1-20. Schematic representation of the strategy for insertion of the membrane protein into 
the solid-supported polymer membrane using Bio-Beads. 
 
Insertion of the MloK1 into the polymer membrane was observed by CLSM. For this 
purpose the polymer membrane was prepared on a transparent, amino modified glass 
substrate, and the protein was labeled with a fluorescent dye (DyLight 488). After 
incubation of the MloK1 in the vial with the polymer membrane and Bio-Beads, 
attachment/insertion of the protein to the membrane could be observed (Figure 3.1-21 a). 
Addition of the detergent-solubilized protein to the solution, in which the solid-supported 
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membrane was present, but in absence of Bio-Beads, was not sufficient for protein 
insertion (Figure 3.1-21b). Two control samples were also measured: i) polymer 
membrane after incubation with the dye in the presence of Bio-Beads, and ii) silanized 
substrate (no polymer membrane) after incubation with the protein in the presence of Bio-
Beads. The first control proved that the dye which was used for protein labeling did not 
form any aggregates and that fluorescent features visible on the figure 3.1-21a are indeed 
corresponding to the labeled protein (Figure 3.1-21c). Additionally, no protein attachment 
took place on the silanized substrate, which demonstrates that the labeled protein does not 
just deposit on the surface, but inserts into the polymer bilayer (Figure 3.1-21d).  
 
Figure 3.1-21. CLSM micrographs of: (a) polymer membrane after incubation with MloK1 and 
Bio-Beads, (b) polymer membrane after incubation with MloK1 but without Bio-Beads, (c) 
polymer membrane after incubation with dye and Bio-Beads, and (d) silanized substrate after 
incubation with MloK1 and Bio-Beads. Scale bars: 50 μm. 
 
CLSM micrographs confirmed that MloK1 adsorbs to the substrate only when the 
polymer membrane and Bio-Beads are present in the system. In order to show that protein 
is inserted into the polymer membrane and that it preserves its functions, electrical 
conductance measurements were performed. Due to the fact that an intact membrane is 
known to be a perfect insulator, which results in high resistance, any disruption of the 
membrane, e.g. by protein insertion, can be observed as an increase in the electrical 
conductance.
31
 A current across the membrane, deposited on a gold slide, was measured 
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as a function of time for a constant applied voltage of 40 mV (Figure 3.1-22). The 
conductance was calculated as G = I/V, where I is an electrical current, and V a voltage. 
Due to the fact that each defect, e.g. inhomogeneity of the membrane, and surface 
contamination, influences the final result, conductance measurements have high inherent 
errors.  
 
Figure 3.1-22. Schematic representation of the setup used for measurements of electrical 
conductance through the polymer membrane (S-M – source-meter, PDMS stamp). 
 
Electrical conductance of the pristine membrane was shown to be very low, of (25 ± 
9) nS, which corresponds to a resistance (1/G) value of 40 MΩ cm-2 (Figure 3.1-23). In 
order to investigate the influence of Bio-Beads on membrane stability, electrical 
measurements of the polymer membrane after three hours of incubation with Bio-Beads 
in Tris buffer were performed. Conductance increased to (33 ± 4) nS, which is a value 
close to the conductance of the bilayer, and indicates that Bio-Beads do not affect the 
membrane structure. A bilayer incubated for three hours with the protein, but without 
Bio-Beads, exhibited a conductance at the same level as that of the intact membrane (35 ± 
6 nS), which indicates that the protein was not inserted into the polymer bilayer. 
Conductance increased to (71 ± 23) nS, only when the protein was incubated with the 
polymer membrane and Bio-Beads, which indicates a successful insertion of the protein 
into the membrane.
114,141
 The same measurements were performed for a solid-supported 
lipid membrane prepared with DPPC. The lipid membrane presented a conductance of 
(313 ± 14) nS, while after insertion of MloK1 it increased to (423 ± 17) nS. As expected, 
the lipid membranes are characterized by a lower resistance (3.2 MΩ cm-2) than the 
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polymer membrane, because of the smaller molecule size, and thus lower membrane 
thickness.
32
 The change of conductance after protein insertion was higher for lipid 





Figure 3.1-23. (a) Raw data presenting a time course for conductance of solid-supported polymer 
bilayer (black line) and solid-supported polymer bilayer with incorporated MloK1 (red line). (b) 
Conductance measured at a constant applied voltage of 40 mV (BL – polymer membrane, BB – 
Bio-Beads). 
 
The activity of the potassium channel was established by electrical conductance 
measurements performed in the presence and absence of cAMP, which is known to 
modulate its functionality.
142,143
 Presence of this ligand in the solution did not influence 
the conductance of the solid-supported polymer membrane (Figure 3.1-24). The high 
conductance of the polymer membrane with incorporated MloK1 in the presence of 
cAMP (71 ± 23 nS), corresponds to an open channel of the protein. In contrast, when the 
polymer membrane with incorporated MloK1 was measured in cAMP-free buffer, the 
conductance was (40 ± 8) nS. The decrease of the conductance of the MloK1-containing 
polymer membrane in the absence of cAMP indicates closure of the protein channel. 
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Figure 3.1-24. Electric conductance measurements showing activity of the inserted protein. 
Measurements performed in presence of cAMP (in yellow), and absence of cAMP (in gray).  
 
3.1.7. Summary 
In this section the development of functional solid-supported polymer membranes has 
been introduced.  
Membranes based on the PDMS65-b-PMOXA12 diblock copolymer were prepared by 
LB and LS transfer techniques, which resulted in highly ordered, defect-free polymer 
films. The stability of the membrane was improved by covalent attachment of the first 
layer to an amino-modified substrate with weak imine bonds. An amino linker was 
introduced as a spacer between the solid surface and membrane to preserve membrane’s 
fluidity and to prevent the protein from denaturation. The polymer bilayer was smooth, 
homogeneous, and stable, as established by AFM, ellipsometry, and ATR-FTIR 
measurements. 
It was shown that use of Bio-Beads is an appropriate method for insertion of the 
transmembrane protein into solid-supported polymer membrane composed of PDMS65-b-
PMOXA12. The Bio-Beads destabilize the protein and act as a driving force for its 
incorporation. CLSM micrographs showed the affinity of the protein to the polymer 
membrane. Additionally, electrical conductance measurements confirmed successful 
reconstitution of MloK1 into the membrane by showing potassium channel’s activity in 
presence and absence of the ligand. This method allows straightforward preparation of 
functionalized membranes on substrates of unrestricted sizes, which is advantageous 
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when considering technological applications. The biomimetic properties and 
functionalities of solid-supported polymer membranes can be further modulated by 
decoration with other membrane proteins.    
 
3.2. Hybrid polymer-lipid materials as platforms for directed 
membrane protein insertion 
The scope of this project was the preparation of hybrid materials, in which membrane 
protein distribution within a film is controllable, as a result of different morphological 
properties of the membrane (Figure 3.2-1). Mixtures were prepared by using three 
PDMS-b-PMOXA diblock copolymers, differing in the length of the hydrophobic block 
(16, 37, and 65 PDMS units), and lipids (DPPC, DOPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE)), with a different saturation degree and a head group. By 
characterizing the membranes formed by binary mixtures at different components’ ratios 
it was possible to establish the conditions, in which the hybrid membranes formed distinct 
domains of lipid- and polymer-rich phases. First, BAM and CLSM were used to establish 
the formation and morphology of the mixed monolayers generated by the Langmuir 
technique and transferred to glass substrates. Then the distribution of MloK1
119
 within the 
membrane was assessed. MloK1 was selected as a model membrane protein since it has 





Figure 3.2-1. Schematic representation of the concept of the project.  
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3.2.1. Surface pressure – area isotherms of pure amphiphiles 
In order to better understand the mixing properties of lipids with amphiphilic block 
copolymers, first the behavior of pure components at the air-water interface was 
investigated in respect to monolayer formation, state, and homogeneity of the monolayer. 
The structures of used lipids are presented in the figure 3.2-2. The most important 
parameters describing monolayers of pure lipids and polymers were collected in Table 
3.2-1. 
 
Figure 3.2-2. Structures of saturated (a) DPPC and (b) DPPE, and unsaturated (c) DOPC and (d) 
POPE. 
 
Table 3.2-1. Molecular and monolayer properties of the investigated lipids and polymers. 
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(1)
 “A” corresponds to PDMS, and “B” to PMOXA blocks of the diblock copolymer; (2) thickness 
established from ellipsometry with error of ± 0.05 nm; (3) mean molecular area; (4) Π col – surface pressure of 
collapse point; 
(5)
 L – liquid, LE – liquid-expanded, LC – liquid condensed, S – solid. 
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Compression of the DPPE monolayer was completed within a short mean molecular 
area range. The lift-off area of the DPPE isotherm was at a mean molecular area of 51 Å2, 
while the collapse point was at 36 Å2 (Figure 3.2-3 a), which resulted in a steep slope of 
the isotherm and is indicative of a solid state of the monolayer.
144
 The monolayer state 
was confirmed by compressibility modulus calculations. The  𝐶𝑠
−1 value of 514 mN m
-1
 
corresponds indeed to a solid state of the monolayer. 
 
Figure 3.2-3. Surface pressure-area isotherms (in black) and compressibility modulus (in red) of 
(a) DPPE and (b) DPPC. BAM images at different stages of compression, respectively. 
 
The Langmuir isotherm of DPPC possessed a characteristic plateau which was due to 
the transition from the liquid-expanded (LE) to liquid-condensed state (LC).
145
 The 
transition can be well observed by BAM, as formation of flower-shaped structures, which 
become more expanded with increasing surface pressure (Figure 3.2-3 b). The formation 
of these structures is due to the fact that not all DPPC molecules change their 
conformation at the same time, thus these molecules which are in vertical position form 
domains. Obviously the higher the surface pressure, the more molecules are organized 
vertically, this is why the domains expand. At high surface pressure, the film became 
homogeneous due to the organization of lipid, and the compressibility modulus of the 
DPPC monolayer reached the value of 184 mN m
-1
 which corresponds to a LC state.  
The isotherms of unsaturated lipids had a lift-off area at higher values than their 
saturated equivalents, due to the fact that the double bond in the hydrocarbon chain limits 
the flexibility of the chain and decreases the adhesion between two molecules.
56,58
 During 
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which was well pronounced in the compressibility modulus graph (Figure 3.2-4 a). 
The 𝐶𝑠
−1 value indicates that at this point the monolayer changed a physical state from LC 
( 𝐶𝑠
−1 = 120 mN m-1) to LE ( 𝐶𝑠
−1 = 48 mN m-1). DOPC monolayer was at a liquid state at 
 𝐶𝑠
−1 = 95 mN m-1. Comparing to DPPC, the collapse point of DOPC occurs at a higher 
mean molecular area (57 Å2 for DOPC and 37 Å2 for DPPC) and at lower surface 
pressure (πcol = 47 mN m
-1 
for DOPC and 55 mN m
-1 
for DPPC) (Figure 3.2-4 b), which 
indicates that it was more expanded and had lower stability.
60
 
In summary, all lipids formed homogeneous and reproducible monolayers. Figure 3.2-
5 shows clearly, that saturated lipids formed more condensed and thus more rigid 
monolayers than their unsaturated equivalents. 
 
Figure 3.2-4. Surface pressure-area isotherms (in black) and compressibility modulus (in red) of 
(a) POPE and (b) DOPC. BAM images at different stages of compression, respectively. 
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Figure 3.2-5. Comparison of isotherms of saturated and unsaturated lipids: (a) DPPC and DOPC, 
and (b) DPPE and POPE. 
 
For formation of hybrid materials three block copolymers have been used: PDMS65-b-
PMOXA12, PDMS37-b-PMOXA9 and PDMS16-b-PMOXA9. The isotherms of the two 
shorter copolymers at the air-water interface were similar to the isotherms of the longest 
polymer (described in 3.1.4) however their lift-off areas were at lower values due to the 
smaller size of the copolymer, and therefore smaller area that one molecule occupies 
(Figure 3.2-6, Table 3.2-1). The plateaus became shorter for PDMS37-b-PMOXA9 and in 
the isotherm of the shortest polymer (PDMS16-b-PMOXA9) only one plateau was present, 
suggesting that two rearrangement states, pronounced for larger polymers, overlap each 
other (Figure 3.2-7), because of the limited organization possibilities.
63
 Both shorter 
polymers formed monolayers at the LE state, represented by slightly lower 
compressibility modulus values than for the longest polymer ( 𝐶𝑠
−1 = 42 mN m
-1 
for 
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Figure 3.2-6. Surface pressure-area isotherm of PDMS65-b-PMOXA12 (black), PDMS37-b-
PMOXA9 (red), and PDMS16-b-PMOXA9 (blue).  
 
 
Figure 3.2-7. Surface pressure-area isotherm and compressibility modulus of: (a) PDMS37-b-
PMOXA9 and (b) PDMS16-b-PMOXA9. 
 
All three polymers formed homogeneous monolayers throughout the whole 
compression as established by BAM measurements (Figure 3.2-8). The only features that 
could be observed were small bright aggregates, which have been observed before for 
other polymer films formed at the air-water interface, and which correspond to surface 
micelles formed by hydrophobic chains.
127-129
 The formation of these micelles is not fully 
understood, but the purity of the copolymer can have an influence on the size of the 
micelles. For example, in PDMS-b-PMOXA diblock copolymers some unreacted residues 
of PDMS can be found, which at the air-water interface will form micelles. In addition, 
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formation the bright aggregates can be also influenced by the impurities present in the 
aqueous subphase. 
 
Figure 3.2-8. BAM images of PDMS-b-PMOXA diblock copolymer with different PDMS block 
lengths, and at various surface pressures, respectively. 
 
3.2.2. Surface pressure-area isotherms of mixed monolayers 
The mixing properties of all three diblock copolymers (PDMS65-b-PMOXA12, 
PDMS37-b-PMOXA9, and PDMS16-b-PMOXA9) with DPPC, DOPC, DPPE, and POPE, 
were investigated by performing Langmuir monolayer compressions in the whole range 
of the components’ molar ratios, i.e. molar fraction of polymer (𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟) equal to 0.25, 
0.50, and 0.75. With decreasing amount of polymer in the mixture, the mean molecular 
area of the monolayers decreases stepwise (Figure 3.2-9, 3.2-10, and 3.2-11). The plateau 
span becomes smaller. It is visible even at low molar fraction of polymer, suggesting 
segregation of the components. The separation of the mixture’s components is due to 
molecular factors, such as: i) the size difference between the polymer and lipid, and ii) a 
different state of the mixture’s components (LE for polymer, LC for DPPC, and S for 
DPPE), and iii) chemical incompatibility.
63
 The shortest polymer, with 16 PDMS units, 
due to the size similarity, was interacting more with the lipid, for this reason the plateau 
of the isotherms could be barely seen (Figure 3.2-12). Upon addition of lipid, the binary 
monolayers became more rigid, as seen by the compressibility modulus calculations 
(Table 3.2-2 and 3.2-3).  
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Figure 3.2-9. Surface pressure-area isotherms of PDMS65-b-PMOXA12 mixed with: (a) DPPC, (b) 
DOPC, (c) DPPE, and (d) POPE. 
 
 
Figure 3.2-10. Surface pressure-area isotherms of PDMS37-b-PMOXA9 mixed with: (a) DPPC, 
(b) DOPC, (c) DPPE, and (d) POPE. 
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Figure 3.2-11. Surface pressure-area isotherms of PDMS16-b-PMOXA9 mixed with: (a) DPPC, 
(b) DOPC, (c) DPPE, and (d) POPE. 
 
Table 3.2-2. Compressibility moduli of PDMS-b-PMOXA (AB) mixed with DPPC and DOPC. 
𝒙𝑨𝑩 















0 184 184 184 102 102 102 
0.25 69 71 55 55 58 65 
0.50 51 51 36 46 50 44 
0.75 51 40 28 40 44 40 
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Table 3.2-3. Compressibility moduli of PDMS-b-PMOXA (AB) mixed with DPPE and POPE. 
𝒙𝑨𝑩 















0 514 514 514 51 51 51 
0.25 106 100 85 65 52 23 
0.50 57 67 40 46 41 42 
0.75 49 48 31 41 34 41 
1 44 37 36 44 37 36 
 
 
3.2.3. Formation of domains at low surface pressures 
PDMS65-b-PMOXA12 and PDMS37-b-PMOXA9 showed a similar tendency, i.e. in the 
presence of saturated lipids they formed domains, alike mixtures of PMOXA-b-PDMS-b-
PMOXA triblock copolymer and DPPC, which have been previously studied.
128
 Noted, 
that, neither BAM nor CLSM measurements did not provide resolution high enough to 
observe phase separation at the nanoscale and here we concentrate on investigations of 
the mixing properties at the micro-scale. 
At low surface pressures, during compression of PDMS65-b-PMOXA12 mixed with 
DPPC or DPPE (𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟= 0.25 and 0.5) and PDMS65-b-PMOXA12 or PDMS37-b-
PMOXA9 mixed with DOPC (𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟= 0.5), formation of bright spherical domains was 
observed (Figure 3.2-12 a-c). These domains were assumed to consist of lipid with a 
certain amount of embedded polymer, since: i) the domains are bright, thus thicker than 
continuous phase, ii) they appear only at lower molar fractions of polymer, and iii) at 
𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟= 0.25 the domains occupy most of the analyzed area. In order to confirm this 
assumption the polymer-lipid film labeled with a fluorescent dye (sulforhodamine B, 
SRB) polymer, was transferred at surface pressure of 10 mN m
-1
 and investigated by 
CLSM (Figure 3.2-12 d). CLSM micrographs revealed that a continuous phase was 
composed of polymer (red color on the micrograph), while the domains being much 
darker than the polymer-rich phase are composed mainly of DPPC. The lipid-rich 
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domains on CLSM micrograph are however not definitely black, indicating that some 




Figure 3.2-12. BAM images of monolayers from PDMS65-b-PMOXA12–DPPC: (a) 0.75 – 0.25, 
(b) 0.5 – 0.5, (c) 0.25 – 0.75 (at 10 mN m-1), and PDMS16-b-PMOXA9–DPPC: (e) 0.75 – 0.25, (f) 
0.5 – 0.5, (g) 0.25 – 0.75 (at 16 mN m-1). CLSM micrographs of: (d) PDMS65-b-PMOXA12–DPPC 
(0.25 – 0.75, at 10 mN m-1), and (h) PDMS16-b-PMOXA9–DPPC (0.25 – 0.75, at 16 mN m
-1
), 
scale bars are 50 μm. 
 
In the mixtures of the shortest polymer (PDMS16-b-PMOXA9) and DPPC or DPPE 
the domains appeared at higher surface pressures than it was in case of PDMS65-b-
PMOXA12 (at 14 mN m
-1
), in addition they were more pronounced, smaller, and their 
shape was star-like (Figure 3.2-12 f, g) however they also consisted of lipid-rich phase, as 
established by CLSM (Figure 3.2-12 h). The different shape and surface pressure (in 
comparison with PDMS65-b-PMOXA12-DPPC mixtures), at which domains formed, was 
due to the lower thickness of the PDMS16-b-PMOXA9 monolayer, which is very close to 
the thickness of DPPC (d = 1.8 nm for polymer, and 2.1 nm for DPPC). PDMS16-b-
PMOXA9 does not have a decisive influence on the film formation, therefore the domains 
which appeared in this case were similar, as those observed during pure DPPC 
compression, occurring at the LE-LC transition of the lipid. 
The question which has to be answered is: why are these domains thicker than the 
continuous polymer-rich phase? The domains appear at surface pressure of 3 mN m
-1
. At 
so low surface pressure both DPPC and PDMS65-b-PMOXA12 components are not well 
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organized yet (Figure 3.2-13). Lipid and copolymer phase separate due to the size 
difference, and the lipid starts to expel the polymer chains from the lipid-rich phase. 
However, at this surface pressure, the polymer is in the so-called mushroom 
conformation, in which both hydrophobic and hydrophilic chains are shrunken,
63
 this is 
why the lipid chains, which are organized vertically to the air-water interface, are thicker 
than polymer at this stage.
62,148
 With increasing surface pressure the domains disappear, 
because the polymer chains become more stretched. 
 
Figure 3.2-13. Scheme presenting the formation of a domain in mixed polymer-lipid 
monolayer, at low and high surface pressures. Molecules in green correspond to lipid and red-blue 
to amphiphilic block copolymer. 
 
3.2.4. Formation of domains at high surface pressures 
Upon compression of the binary monolayers the bright domains disappeared and at 
higher surface pressures (> 30 mN m
-1
), for certain mixtures composition, black domains 
appeared (Figures 3.2-14 and 3.2-15). These domains corresponded to a lipid-rich phase, 
as established by CLSM measurements (Figure 3.2-16). At higher surface pressures the 
monolayer is well organized which means that the polymer chains are fully stretched, 
forming a thicker phase than lipids. This phenomenon could be well observed for 
PDMS65-b-PMOXA12 and PDMS37-b-PMOXA9 diblock copolymers (Figure 3.2-13). The 
small, white aggregates visible on most of the BAM images correspond to hydrophobic, 
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Figure 3.2-14. BAM images of PDMS65-b-PMOXA12 mixed with lipids at different molar ratios, 





Figure 3.2-15. BAM images of PDMS37-b-PMOXA9 mixed with lipids at different molar ratios, 
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Figure 3.2-16. CLSM micrographs of: (a) PDMS65-b-PMOXA12 (𝑥𝐴𝐵= 0.25)-DPPC, (b)   
PDMS65-b-PMOXA12 (𝑥𝐴𝐵= 0.75)-DPPE, (c) PDMS65-b-PMOXA12 (𝑥𝐴𝐵= 0.25)-DOPC, (d) 
PDMS37-b-PMOXA9 (𝑥𝐴𝐵= 0.25)-DPPC, (e) PDMS37-b-PMOXA9 (𝑥𝐴𝐵= 0. 5)-DPPE, and (f) 
PDMS37-b-PMOXA9 (𝑥𝐴𝐵= 0.25)-DPPE. All of the films were transferred at the surface pressure 
of 35 mN m
-1. Scale bars are 50 μm. 
 
Mixtures composed of PDMS65-b-PMOXA12 or PDMS37-b-PMOXA9 and DPPC 
(𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟= 0.25 and 0.5), formed domains of flower-like shape and depending on the 
molar ratio and polymer used, the amount and shape of the domains varied. For example, 
in the mixtures of DPPC with middle-length polymer, having 37 PDMS units, the 
domains were more extended and the phase separation seemed not to be as definitive as 
with PDMS65-b-PMOXA12–DPPC mixtures (Figure 3.2-15 and 3.2-16 d), which was due 
to the lower thickness of the monolayer and thus higher amount of interactions between 
lipid- and polymer-rich phases. In mixtures with DPPE, domains were smaller and of 
more regular, spherical shape, and they could be observed also at low lipid content 
(𝑥𝐷𝑃𝑃𝐸= 0.25) in contrary to mixtures with DPPC. The difference in the size and shape of 
domains was due to the fact that head group of PE is smaller than PC, which allows for 
closer packing of the molecules.
149
 Additionally, PE is known to form intermolecular 
hydrogen bonds is thus more difficult to hydrate.
150
 At the surface pressure of 35 mN m
-1,
 
at which domains were investigated, DPPE is in a liquid expanded state ( 𝐶𝑠
−1 = 173 mN 
m
-1
, Table 3.2-1) and for this reason it adopts fast spherical shape domains, in order to 
reduce contact with the LE polymer-rich phase. 
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PDMS16-b-PMOXA9 did not form any domains at high surface pressures due to the 
size similarity with lipids and therefore better mixing properties (Figure 3.2-17).  
 
Figure 3.2-17. BAM images of PDMS16-b-PMOXA9 mixed with lipids at different molar ratios, 




In the monolayer composed of PDMS65-b-PMOXA12 (𝑥𝐴𝐵= 0.25) and DOPC very 
small domains were observed by CLSM (Figure 3.2-16 c). Otherwise, all PDMS-b-
PMOXA–DOPC and PDMS-b-PMOXA–POPE mixtures formed uniform films for all 
polymers and at all molar ratios. Since all components of these mixtures are in the L or 
LE state, the phase separation is not as pronounced as for other mixtures, containing more 




3.2.5. Distribution of the protein in the polymer-lipid mixed film 
Prior to transferring the mixed monolayers with inserted protein, the influence of the 
protein on monolayer formation was investigated. The protein was injected onto the pre-
formed mixed monolayer of PDMS65-b-PMOXA12 (𝑥𝐴𝐵= 0.25) and DPPC at surface 
pressure of 20 mN m
-1
. After stabilization the monolayer was compressed further (Figure 
3.2-18). 
 
 Results and Discussion    
- 70 - 
 
 
Figure 3.2-18. Procedure of protein insertion: 1) spreading of polymer solution and monolayer 
compression to 20 mN m
-1
, 2) addition of protein, 3) monolayer compression to 35 mN m
-1
, and 
4) transfer to solid support.  
 
Introduction of MloK1 to the monolayer did not change the shape of the isotherm 
however it could be observed that the collapse point was shifted to the higher surface 
pressure (Figure 3.2-19). The mixed monolayer had a collapse point at 47 mN m
-1
, 
whereas upon protein insertion it collapses at 52 mN m
-1
. Additionally, a change in the 
compressibility moduli was observed, which indicated an increase in the monolayer 
fluidity ( 𝐶𝑠
−1 = 69 mN m-1 for pure monolayer and 62 mN m-1 for monolayer with 
inserted protein, Figure 3.2-19). 
 
Figure 3.2-19. Surface pressure-area isotherms of PDMS65-b-PMOXA12 (𝑥𝐴𝐵= 0.25) and 
DPPC: (a) without and (b) with inserted protein. 
 
Increase in the fluidity of the mixture of PDMS65-b-PMOXA12 (𝑥𝑝𝑜𝑙𝑦𝑚𝑒𝑟= 0.25) and 
DPPC could be observed as a slight change of the domains shape, as established by BAM 
(Figure 3.2-20). After protein insertion, the DPPC-rich domains at 35 mN m
-1
 became 
bigger and more expanded, compared to the same mixture without protein, in which the 
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domains were smaller and more spherical. Interestingly, this expanded shape of domains 
was similar to the domains observed in the mixture containing 30% of the polymer 
(PDMS65-b-PMOXA12 and DPPC, without protein) at the same surface pressure. With 
increasing molar fraction of polymer, the lipid-rich domains are formed at higher surface 
pressures, e.g. in mixture containing 25% of polymer (no protein) the expanded domains 
started to form at a surface pressure of approximately 27 mN m
-1
 and at 35 mN m
-1 
they 
were well organized forming smaller and more spherical domains (Figure 3.2-20). For 
mixtures with 30% polymer fraction, at 27 mN m
-1
 only few small domains could be 




the expanded domains were formed, and spherical well 




Figure 3.2-20. BAM images of PDMS65-b-PMOXA12 (A65B12) and DPPC mixtures, with and 
without inserted protein, at certain component ratios (given in the brackets). Images were taken at 
27 and 35 mN m
-1. Size of the images is 200 x 250 μm2. 
 
The change of the monolayer behavior after protein insertion can be attributed to the 
fact that protein inserts into polymer-rich phase, increasing in this way the fraction of the 
polymer, so the mixture starts to behave as there was 30% of polymer, and not 25%.  This 
assumption was supported by a decrease of the compressibility moduli values, which was 
also observed for the mixtures with higher polymer molar fraction, e.g. mixture with 30% 
of PDMS65-b-PMOXA12 had a  𝐶𝑠
−1 close to 60 mN m
-1
. However, such pronounced 
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changes in the domain formation process were observed only for mixtures composed of 
25% of PDMS-b-PMOXA and 75% of DPPC. In the mixtures with DPPE, spherical 
domains were formed immediately and did not change their shape upon monolayer 
compression or protein insertion. It is due to the high stiffness of the DPPE monolayers 
(LC state) and formation of hydrogen bonds between the PE head-groups. 
In order to investigate the distribution of the protein, both protein and the polymer 
were labeled with fluorescent dyes (DyLight 488 and SRB, respectively). The labeled 
membrane protein was inserted into the mixtures containing PDMS65-b-PMOXA12 and 
PDMS37-b-PMOXA9 diblock copolymers and then transferred to a glass slide and 
observed by CLSM. In the mixtures containing DPPC (𝑥𝐷𝑃𝑃𝐶= 0.75 and 0.5) and DPPE 
(𝑥𝐷𝑃𝑃𝐸= 0.25 and 0.5), the protein was solely distributed in the polymer-rich phase, while 
the lipid-rich domains remained black indicating no protein accommodation (Figure 3.2-
21 a-c, f). This result is in good agreement with previous report, which describe the 
mixing of PMOXA-b-PDMS-b-PMOXA triblock copolymer with DPPC. OmpF was 
preferentially distributing in polymer-rich phase.
51
 The slight change of the DPPC-rich 
domains was also observed by CLSM, in good agreement with BAM images. For the 
mixtures with DOPC formation of small lipid domains could be observed, as described 
before. Interestingly, in this case the proteins were accommodated exactly in these 
spherical domains (Figure 3.2-21 d). In the uniform PDMS65-b-PMOXA12 and POPE 
mixtures protein was distributes throughout the whole film (Figure 3.2-21 e).  
The physical state of the components of mixtures has a crucial influence on protein 
distribution within the binary monolayer. DPPC and DPPE form the stiffest monolayers 
in the liquid condensed states. For this reason, the protein accommodates preferentially in 
the polymer-rich phase, which is in a liquid expanded state in mixtures containing these 
lipids. In this state the polymer is more flexible, has more conformational possibilities, 
and possesses a PDMS block of high hydrophobicity, which is able to host membrane 
proteins. However, if the lipid is more liquid, as for example in mixtures with DOPC, the 
protein inserts into the lipid-rich domains. Mixtures of PDMS65-b-PMOXA12–POPE 
provide a uniform distribution of the protein in the whole monolayer, due to the similar 
fluidity of the mixture components.  
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Figure 3.2-21. CLSM micrographs presenting protein distribution in films consisting of mixtures 
of PDMS65-b-PMOXA12 and: (a) DPPC (𝑥𝐷𝑃𝑃𝐶= 0.75), (b) DPPC (𝑥𝐷𝑃𝑃𝐶= 0.5), (c) DPPE 
(𝑥𝐷𝑃𝑃𝐸= 0.25), (d) DOPC (𝑥𝐷𝑃𝑃𝐶= 0.25), and (e) POPE (𝑥𝐷𝑃𝑃𝐶= 0.25). (f) PDMS37-b-PMOXA9 
mixed with DPPE (𝑥𝐷𝑃𝑃𝐸= 0.5). Films were transferred at the surface pressure of 35 mN m
-1
. 
Scale bars correspond to 50 μm. 
 
3.2.6. Summary 
In this work hybrid materials, based on amphiphilic block copolymers and lipids, have 
been introduced. It has been shown that depending on the components’ character, size, 
and molar fraction, different morphologies of the material can be obtained. The most 
phase separation between two components could be observed when the longest polymer 
(PDMS65-b-PMOXA12) and saturated lipids (DPPC and DPPE) were used. The micro-
sized domains were formed due to the size difference between polymers and lipids as well 
as the different states of the mixture’s components. The state of the pure amphiphiles 
could be established by investigation of monolayers formation at the air-water interface 
and calculation of compressibility moduli. DPPC and DPPE showed to form rigid films in 
LC and S state, respectively, whilst copolymers and two unsaturated lipids (DOPC and 
POPE) were more fluid, in LE and L states.  
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A physical state of the mixture components had a crucial influence on the protein 
distribution within the binary monolayer. In mixtures containing rigid DPPC or DPPE, 
the protein was preferentially accommodating in the polymer-rich phase, which was in 
the LE state. In this state, the polymer is more flexible, has more conformational freedom, 
and in addition, it possesses a PDMS block of high hydrophobicity, which is able to host 
membrane proteins. However if the lipid was in the liquid state, as for example in 
mixtures with DOPC, the protein inserted into the lipid-rich domains. The mixtures of 
PDMS-b-PMOXA–POPE provided uniform distribution of the protein in the whole 
monolayer due to good mixing of the monolayer’s components. 
Hybrids build of copolymers and lipids constitute a new group of functional materials 
which can find applications in medicine, biosensing, and surface coating. By combination 
of all mixture’s components, special properties of the material can be developed, such as 
increased stability and lower permeability of the material (thanks to the presence of the 
polymer) and higher biocompatibility (thanks to the lipid). It was shown that it is possible 
to obtain materials of different morphologies by choosing appropriate mixture’s 
components and ratios. In addition, the distribution of the membrane protein could be 
controlled.  
 
3.3. Asymmetric triblock copolymer-based active surfaces 
The scope of this project was a development of an active surface by immobilization of 
laccase to solid-supported asymmetric film formed by poly(ethylene glycol)-block-
poly(γ-methyl-ε-caprolactone)-block-poly[(2-dimethylamino) ethyl methacrylate] (PEG-
b-PMCL-b-PDMAEMA, ABC) triblock copolymers (Figure 3.3-1). This asymmetric 
polymer has appealing properties to serve as a cushion for the enzyme, since PEG is a 
hydrophilic biocompatible block, PMCL is a flexible hydrophobic block, and 
PDMAEMA is a second hydrophilic block with tertiary amine active groups.
151
 The 
polymer films were prepared by LB transfers, in order to provide well-organized and 
highly reproducible monolayers. Laccase which is a copper-containing oxidase was 
chosen as a model enzyme. This enzyme can be found in many fungi, plants, and 
microorganisms
152
 and it is known to catalyze the oxidation of a number of organic and 
inorganic compounds, such as phenols.
153
 Additionally, it is involved in the degradation 
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 thus it might find applications in industry, as a detoxification, biodegradation, 
and catalytic agent.  
 
Figure 3.3-1. Scheme of asymmetric membrane composed of triblock copolymer, with 
immobilized, active enzyme. 
 
Preparation of active surfaces required understanding of how PEG45-b-PMCL101-b-
PDMAEMAx triblock copolymers organize under compression at the air-water interface, 
and what are the structural properties, which determine film formation and availability for 
enzyme adsorption. This was established by measurements on Langmuir trough and 
characterization of films transferred to solid supports. The stability and reactivity of the 
“active surface” of an enzyme immobilized on the copolymer film was investigated by 
monitoring the oxidation of a phenolic electron mediator, 2,6-dimethoxyphenol (DMP), 
which undergoes reaction only in the presence of active laccase.  
  
3.3.1. Characterization of the PEG-b-PMCL-b-PDMAEMA triblock copolymer 
Synthesis of PEG45-b-PMCL101-b-PDMAEMAx triblock copolymer has been 
performed and described before.
151
 In brief, ring-opening polymerization (ROP) of γ-
methyl-ε-caprolactone (MCL) was performed using PEG as a macroinitiator. The 
modified PEG-b-PMCL diblock copolymer containing an atom transfer radical 
polymerization (ATRP)-initiating group was then used for synthesis of the third, 
PDMAEMA block. The synthetized polymers varied with the length of the PDMAEMA 
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block and possessed respectively: 3, 12, 17, and 27 PDMAEMA units, as calculated from 
1
H-NMR spectra. GPC analysis showed the PDI of the synthetized polymers to be 
approximately 1.4.  
The structure of the PEG45-b-PMCL101-b-PDMAEMAx triblock copolymers has been 
confirmed by 
1
H-NMR (Figure 3.3-2). The signal at δ = 1.33 – 1.67 ppm corresponds to 
the –CH2– and –CH– groups (5H, c, d, e) of the PMCL block, the signal at δ = 2.51 ppm 
is assigned to the –CH2– group (2H, f) in the PDMAEMA block, and the signal at δ = 
3.57 ppm corresponds to the –CH2– groups (4H, a, b) of the PEG block. The detailed 
peaks assignment can be found in the section 6. 
 
Figure 3.3-2. Representative 
1
H-NMR spectrum and structure of PEG45-b-PMCL101-b-
PDMAEMA27 triblock copolymer. 
 
ATR-FTIR measurements showed peaks characteristic for PEG45-b-PMCL101-b-
PDMAEMAx triblock copolymer (Figure 3.3-3). The peaks at 2957 and 2860 cm
-1
 are 
associated with the C-H bond from alkyl groups, the peak at 1725 cm
-1
 corresponds to 
C=O group, the band at 1453 cm
-1 
is due to the C-H stretching,
 
the group of peaks ranging 
from 1244 to 1100 cm
-1 
corresponds to the C-H and C-N stretching, and the peak at 527 
cm
-1
 is assigned to the C-Br group. 
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Figure 3.3-3. Representative ATR-FTIR spectrum of PEG45-b-PMCL101-b-PDMAEMA27 triblock 
copolymer. 
 
3.3.2. PEG-b-PMCL-b-PDMAEMA triblock copolymer at the air-water 
interface 
Four copolymers varying in the length of the hydrophilic PDMAEMA block were 
first investigated on the Langmuir trough. Compression of the polymer spread at the air-
water interface resulted in the formation of the monolayer. Surface pressure-area 
isotherms of all the polymers had similar shapes, with the characteristic plateaus at the 
surface pressures ranging from 13 to 16 mN m
-1 
(Figure 3.3-4 a). These plateau areas 
correspond to the rearrangements of the polymer chains, which became more stretched,
63
 
as described in paragraphs 2.3.2 and 3.1.3. Depending on the molecular weight, 
monolayers collapsed at different mean molecular areas and surface pressures, i.e. 
whereas A45-B101-C3 achieved the collapse surface pressure up to the mean molecular area 
of 200 Å2, A45-B101-C27  had a collapse at mean molecular area of about 350 Å
2 
(Figure 
3.3-4 b). Simultaneously, the surface pressure of the collapse point decreased with 
increasing number of PDMAEMA units.  This behavior is explained by the higher area 
occupied by triblock copolymers having larger number of PDMAEMA units, which 
required more space for molecular arrangement during film formation. 
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Figure 3.3-4. Surface pressure-area isotherms of the AB and ABC block copolymers; (a) A45-
B101-C3 (black), A45-B101-C12 (blue), A45-B101-C17 (red) and A45-B101-C27 (green), and (b) zoom in 
to the collapse area; (c) A45-B101 (red) and A45-B101-C3 (black); (d) A45-B101 (red) and A45-B101-C27 
(black).  
 
In order to check the influence of the PDMAEMA block on Langmuir monolayer 
formation, isotherms of A45-B101-C3 and A45-B101-C27 were compared with isotherm of 
A45-B101 diblock copolymer. As expected, there was almost no difference in the shape of 
the isotherms of A45-B101-C3 and A45-B101, because of the short hydrophilic C block of the 
triblock copolymer (Figure 3.3-4 c). Due to the absence of the C block, A45-B101 
copolymer was characterized by both lower surface pressure for film rearrangement 
during the compression (plateau zone), and slightly lower mean molecular area of the 
collapse point, in comparison to the triblock copolymer monolayer. Influence of the 
PDMAEMA block on the monolayer formation is well pronounced when comparing 
isotherm of A45-B101 diblock copolymer with A45-B101-C27 triblock copolymer (Figure 
3.3-4d). Isotherm of A45-B101-C27 is significantly shifted to higher values of mean 
molecular area, which is due to the larger size of the molecule.  
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The stability of monolayers at the air-water interface was assessed by measuring the 
surface pressure of the monolayer compressed to a surface pressure of 30 mN m
-1
 over 30 
minutes. At this high surface pressure, the well-packed monolayer is already formed and 
the slow decrease of the surface pressure in time indicates that monolayers formed by 
A45-B101-Cx are stable enough to be transferred to a solid substrate (Figure 3.3-5). 
 
Figure 3.3-5. Stability of the A45-B101-C27 triblock copolymer monolayer at the air-water 
interface. 
 
The elasticity of ABC films was evaluated by recording three reversible 
compression-expansion cycles (Figure 3.3-6). As no relevant hysteresis was observed, 
ABC block copolymers did not dissolve in water, and their monolayers were elastic. 
 
Figure 3.3-6. Compression-expansion cycles of PEG45-PMCL101-PDMAEMA27 monolayer. 
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Modifications of polymer arrangements during compression of Langmuir monolayer, 
followed as surface pressure-area isotherms, were confirmed by the differences in BAM 
images (Figure 3.3-7), which showed different phase transitions. At the beginning of the 
compression, at low surface pressures, the ABC block copolymers have a large space at 
their disposal and no interactions between polymer chains occur, indicating that the film 
is in the gaseous state.
56
 Then the copolymer chains organize, adopting a conformation in 
which all the blocks are coiled. At surface pressure corresponding to the plateau (16 mN 
m
-1
) BAM images of A45-B101-Cx copolymers show formation of a rough monolayer at 
this stage of compression. With increasing surface pressure, the copolymers adopt a more 
ordered conformation with all blocks stretched, and finally a highly packed monolayer 
corresponding to the collapse point is formed. At high surface pressures (30 mN m
-1
) the 
monolayer is again homogeneous without any significant features, such as aggregates 
(Figure 3.3-7).  
 
Figure 3.3-7. BAM images recorded during compression of A45-B101-Cx block copolymers at the 
air-water interface, at surfaces pressures (expressed in mN m
-1
): 10, 16 and 30, respectively. Size 
of the images is 200 x 250 μm2. 
 
Since the PDMAEMA block is pH sensitive, the influence of pH on monolayer 
formation was investigated. In this respect, Langmuir monolayers of PEG45-PMCL101-
PDMAEMA27 triblock copolymers were prepared on two different subphases: water and 
PBS buffer adjusted to pH 5, 6, and 7 (Figure 3.3-8).  Surface pressure-area isotherms 
recorded for all subphase configurations do not show any significant deviations. However 
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the homogeneity of the monolayer was disrupted by changing the subphase from water to 
PBS, as observed with BAM (Figure 3.3-9). Whilst the monolayers prepared on water 
subphase were uniform at each pH, the introduction of ions coming from PBS to the 
subphase caused formation of aggregates upon compression of the monolayer.  
The combination of Langmuir isotherms and BAM images clearly indicate that ABC 
block copolymers formed well-organized, closely-packed, defect free, elastic and stable 
films at the air-water interface at pH 7. For this purpose all the transfers to the solid 
supports were performed for monolayers prepared on water at pH 7, providing in this way 
homogeneity of the formed system. 
 
Figure 3.3-8. Surface pressure-area isotherms of PEG45-PMCL101-PDMAEMA27 triblock 
copolymer recorded on (a) water and (b) PBS buffer adjusted to pH 5, 6, and 7. 
 
 
Figure 3.3-9. BAM images of monolayer formed from PEG45-PMCL101-PDMAEMA27 on water 
and PBS buffer at different pH, respectively. Images were taken at surface pressure of 30 mN m
-1
. 
Size of images is 200 x 250 μm2. 
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3.3.3. Solid-supported monolayers formed from PEG45-b-PMCL101-b-
PDMAEMAX 
A45-B101-Cx films were transferred from the air-water interface to silica plates at 
surface pressure values below the collapse pressure, to obtain a densely packed polymer 
monolayer with stretched chains. For all transfers, the transfer ratio was about 1, 
indicating a successful and defect-free deposition, with a yield close to 100%.
90
 In order 
to understand the availability of the polymer film for enzyme adsorption, various surface 
properties of the film were studied: i) thickness (by ellipsometry), ii) surface energy (by 
contact angle), and iii) topography and roughness (by AFM) (Table 3.3-1).  
It was assumed that at the air-water interface the ABC block copolymer adopts an 
orientation in which PEG, as hydrophilic block A, with constant length (45 units) is 
oriented towards water, whilst PDMAEMA, as the hydrophilic block C with variable 
lengths, is oriented towards the air phase. Such organization of polymer chains was 
expected, since PEG is more hydrophilic (a PEG film has a contact angle of 
approximately 30°)155 than PDMAEMA (the contact angle of this polymer is 
approximately 50°).156 Additionally, PEG can directly link to the silica slides through 
hydrogen bonding with silanol groups available at the silica surface, thus PEG acts as an 
anchor block during adsorption, whereas PDMAEMA is expected to be externally 
oriented. The purpose of all the following measurements was to confirm such 
organization of this asymmetric triblock copolymer. 
Table 3.3-1. Properties of the A45-B101-Cx monolayers. 
ABC block 
copolymer 




pH 3 pH 7 
A45-B101-C3 30 8.6 ± 0.1 61 ± 2 0.3 0.3 
A45-B101-C12 30 8.0 ± 0.2 78 ± 1 0.3 0.6 
A45-B101-C17 30 7.6 ± 0.1 67 ± 2 0.2 0.3 
A45-B101-C27 30 7.7 ± 0.2 65 ± 1 0.6 1.0 
(1)
 surface pressure at which the transfer was done; 
(2) 
average values calculated from measurements taken 
on two different plates, and on five different zones, with the related standard deviations. 
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Transfers of all four polymers were performed at a surface pressure of 30 mN m
-1
. 
The length of the PDMAEMA block influenced monolayer arrangements and thickness 
(Table 3.3-1). The thickest film (8.6 nm) was obtained for A45-B101-C3, whereas the film 
formed from copolymer having 27 units of PDMAEMA was 1 nm thinner (7.7 nm). The 
PDMAEMA block is a pH responsive block with a pKa of 7.4. At the acidic pH of 2-3 it 
is strongly ionized and hydrophilic, however it was shown, that with increasing pH it 
becomes more and more hydrophobic.
157,158
 The thickness measurements were performed 
for films prepared at a neutral pH of 7, which is a boundary at which the polymer 
becomes more hydrophobic. Lower thickness of the polymers with longer PDMAEMA 
block can be caused by rearrangements of this peripheral block. The longer the 
PDMAEMA block the more hydrophobic it is and the more interactions with the PMCL 
block occur, resulting in formation of more coiled and compact structures, and as a 
consequence, thinner films. 
Rearrangements of the ABC films upon pH change were confirmed by AFM 
measurements performed after immersion of the solid-supported monolayer in water at 
different pH values (3, 7, and 10). AFM images offer both qualitative and quantitative 
information regarding the morphology and roughness of the polymer films (Figure 3.3-10 
and Table 3.3-1). The roughness of the ABC triblock copolymer films increased with 
increasing buffer pH from acidic to neutral values, which is in agreement with previously 
reported results for diblock copolymer films of poly(2-vinylpyridine)-block-
poly(dimethylaminoethyl methacrylate) (PVP-b-PDMAEMA). All films formed by ABC 
block copolymers had high roughness (≤ 1.0 nm) at pH 10 and it was not possible to 
record images with AFM.  
For both acidic and neutral pH values, low roughness characterized the films of A45-
B101-C3 copolymer (Ra = 0.2 nm at both pHs), whereas higher values were obtained for 
A45-B101-C27, because of the influence of the C block on the orientation of the copolymer 
chains within the film. At pH 3 this copolymer formed a film with a roughness of 0.6 nm. 
After change of pH to value of 7, an increase of Ra to 1 nm was observed. Higher 
roughness of this copolymer can be due to the longer PDMAEMA blocks, which become 
more hydrophobic upon change of the pH and rearrange in order to reduce the contact 
area with water, which can be observed through formation of “holes” in the film.  
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Figure 3.3-10. AFM images of: (a) A45-B101-C3, (b) A45-B101-C12, (c) A45-B101-C17, and (d) A45-
B101-C27 transferred to silica slides and incubated in pH 3 or pH 7. Images were recorded in 
tapping mode in air. Scale bars are 2 μm. 
 
AFM images of 7 months old copolymer films did not show any appreciable 
differences in topography when compared to freshly prepared samples, indicating that the 
films have long-term stability in air (Figure 3.3-11).  
 
Figure 3.3-11. AFM images of: (a) A45-B101-C3, and (b) A45-B101-C27 measured after 7 months. 
Images were recorded in tapping mode in air. Scale bars are 2 μm. 
  
The wettability of the polymer films was established by contact angle measurements. 
As the length of PEG and PMCL block is constant for all triblock copolymers studied in 
this project, the changes in the length of PDMAEMA block is expected to induce 
differences in contact angle values. The contact angle values for all A45-B101-Cx 
monolayers ranged from 61° to 78° (Table 3.3-1), which indicates that the films 
 Results and Discussion    
- 85 - 
 
transferred onto silica slides generated a rather hydrophilic surface however no regularity 
has been observed, i.e. the highest contact angle of 78° was recorded for polymer having 
12 PDMAEMA units, thus these changes cannot be clearly assigned to the change of the 
PDMAEMA block length.  
 
3.3.4. Bilayers formed from PEG45-PMCL101-PDMAEMA27 
The number of polymer film layers deposited onto the solid surface was expected to 
influence the properties of the resulting polymer membrane. As A45-B101-C27 block 
copolymer formed films with the highest monolayer roughness thus with higher surface 
area available for biomolecules adsorption, it was selected for successive 
deposition/transfer of two layers. As described in paragraph 2.4.4, different strategies for 
bilayer deposition have been developed, i.e. X-, Y-, and Z-type. However these strategies 
correspond to the situation, when the transferred monolayer is formed by phospholipids 
or amphiphilic diblock copolymers. In the case of amphiphilic triblock copolymers, 
which possess two peripheral hydrophilic blocks, it cannot be clearly predicted how the 
monolayer’s deposition will proceed. For this purpose the bilayers composed of A45-B101-
C27 were prepared according to four deposition approaches, called: up-up, down-down, 
up-down, and down-up, where “up” corresponds to emersion and “down” to  immersion 
of the slide.  
Only the up-up strategy resulted in the formation of a bilayer with thickness of 
approximately 9.0 nm, as established by ellipsometry measurements (Table 3.3-2). This 
thickness corresponds to nearly the double of the thickness of the A45-B101-C27 monolayer 
(5.3 nm). Up-down and down-up strategies gave a thickness 4.0 and 5.1 nm, respectively, 
which can be associated with successful deposition of only one polymer layer, while after 
a down-down approach, no material was transferred to the silica slide. The detected layer 
of 0.3 nm can be due to residues adsorbed from water however AFM measurements 
showed the roughness of this sample to be approximately 0.1 nm, which corresponds well 
to the roughness of the bare silica. The roughness of other samples ranged from 0.5 to 0.7 
nm which is at the same level of roughness than that of the monolayer (0.8 nm). 
AFM measurements showed that the up-up bilayer has fewer holes throughout the 
whole area, while up-down and down-up bilayers have the same topography as the 
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monolayer formed from A45-B101-C27 (Figure 3.3-10 and 3.3-12). As expected, the sample 
prepared by down-down deposition resulted in a smooth surface with some little number 
of residues attached.    
Table 3.3-2. Properties of the bilayers formed by A45-B101-C27. 
Deposition type d [nm]  Ra [nm]  
up-up 9.0 ± 0.4 0.5 
down-down 0.3 ± 0.1 0.1 
up-down 4.0 ± 0.3 0.7 
down-up 5.1 ± 0.4 0.5 
 
 
Figure 3.3-12. AFM images of bilayers of A45-B101-C27 prepared by: (a) up-up, (b) down-down, 
(c) up-down, and (d) down-up deposition strategies. 
 
Characterization of silica slides after double deposition of the A45-B101-C27 triblock 
copolymer showed that in “down” deposition the interactions between the slide and the 
monolayer are weaker than interactions of the polymer with the subphase, and not strong 
enough to induce deposition of the monolayer on the solid support. Only the up-up 
strategy resulted in the formation of a bilayer and for this purpose it was used further for 
investigations of enzyme adsorption. 
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3.3.5. Adsorption of enzyme on PEG45-PMCL101-PDMAEMAX films 
The ability of ABC block copolymer films to adsorb laccase was investigated by 
QCM-D measurements. The change in frequency value (Δf) was used to calculate the 
mass which adsorbed to the sensor covered by polymer film, by using the Sauerbrey 
equation (Δm = – C Δf), where C is a proportionality constant, depending on the quartz 






 The transferred monolayers formed by the A45-B101-
Cx triblock copolymers adsorbed laccase (Figure 3.3-13), and depending on molecular 
weight of the polymer, the amount of adsorbed enzyme ranged from 63 to 450 ng cm
-2
 
(Table 3.3-3). These values are in agreement with previous reports, which indicated that 





 and a self-assembled monolayer formed by a mixture of glutaraldehyde 




. The immobilization of laccase was 
durable for at least 24 hours at room temperature as measured for a PEG45-b-PMCL101-b-
PDMAEMA27 film (Figure 3.3-14).  
Based on the molecular weight of the laccase unit of 68 kDa,
105
 the surface coverage 
was calculated as the Δm/Mw ratio (Table 3.3-3). The maximum number of laccase 
molecules that can theoretically be attached in a completely packed mode on the silica 
slide surface (of about 1 cm
2
) was calculated by taking into account the laccase size (6.5 
nm x 5.5 nm x 4.5 nm).
162
 The mostly packed orientation of the enzyme on the surface 
was considered, with an occupation area of 5.5 x 4.5 = 24.75 nm
2
. The immobilization 
yield was determined by reporting the experimental number of immobilized enzymes to 





) (Table 3.3-3). The immobilization yield exceeding 100% for A45-B101-C27 
monolayer is due to the fact that laccase was both adsorbed on the polymer surface, and 
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A45-B101-C3 63 0.001 0.6 15 
A45-B101-C12 324 0.005 3.0 74 
A45-B101-C17 270 0.004 2.4 60 
A45-B101-C27 450 0.007 4.2 104 
A45-B101-C27 
bilayer up-up 
380 0.006 3.6 89 
(1) calculated for 4.5 x 5.5 = 24.75 nm2 occupied by one laccase molecule. 
(2)  
 
Figure 3.3-13. QCM-D data for laccase adsorption on: (a) A45-B101-C3, (b) A45-B101-C12 , (c) A45-
B101-C17, and (d) A45-B101-C27. 
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Figure 3.3-14. QCM-D data showing long-term stability of PEG45-b-PMCL101-b-PDMAEMA27 
film with adsorbed laccase. 
 
The bilayer, formed by A45-B101-C27 through up-up strategy, adsorbed high amount of 
380 ng cm
-2
 (yield of 89%), similarly as the analogous monolayer (Figure 3.3-15). The 
lower amount of enzyme attached to the bilayer is probably due to lower roughness of the 
surface, as explained further.  
 
Figure 3.3-15. QCM-D data for laccase adsorption o A45-B101-C27 bilayer, prepared by the up-up 
strategy. 
 
Adsorption of the enzyme on the polymer film was influenced by various factors, such 
as surface roughness and charge, with electrostatic attraction as the driving force for 
adsorption. As the PDMAEMA (C) block is positively charged at pH values < 8, due to 
protonation of the amino groups,
157
 and laccase possesses a negative charge at pH > 
3.5,
105
 they interact through electrostatic attraction. The adsorption of laccase was 
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performed at pH 4.25 which is optimal due to the electrostatic character of both polymer 
and enzyme. The limited enzyme adsorption properties of A45-B101-C3 were due to the 
low roughness of the monolayer formed on the silica slide. The highest enzyme 
adsorption was observed for A45-B101-C27 polymer films, having the highest roughness, 
which was providing a larger surface for enzyme attachment. The presence of small gaps 
(depth of about 3 nm, as measured by AFM) in the films could favor the enzyme 
adsorption, since they partly expose the hydrophobic block of the polymer. This slight 
increase in hydrophobicity enhanced the interactions between the enzyme and the 
polymer film, and therefore improved laccase adsorption, in agreement with the results of 
Deere et al. who showed that hydrophobic interactions decreased protein desorption from 
the surface.
163
 The effect of roughness on enzyme adsorption is clearly seen for 
copolymer films with similar compositions. A45-B101-C12 adsorbed more laccase (324 ng 
cm
-2
) than A45-B101-C17 (270 ng cm
-2
), because of its greater roughness, which was due to 
the formation of a greater number of gaps than in the case of the A45-B101-C17 copolymer 
film. Additionally, the same relation can be observed when comparing amount of enzyme 
adsorbed to A45-B101-C27 monolayer and bilayer. Monolayer being rougher was able to 
adsorb more laccase than bilayer.  
A45-B101-C27 block copolymer films had the highest monolayer roughness, which 
enabled adsorption of the highest amount of laccase. For this reason this copolymer was 
used for further investigations of “active surface”. 
 
3.3.6. Generation of active surfaces 
Various methods can be applied for protein immobilization on solid surfaces, 
including binding to a support (physical adsorption or chemical binding), cross-linking or 
entrapment.
164
 After demonstrating the ability of ABC block copolymer monolayers to 
adsorb enzymes, A45-B101-C27 triblock copolymer was used to generate “active surfaces” 
by employing two different strategies, based on physical adsorption of laccase, i.e.: i) 
immersion of the ABC solid supported monolayers in an enzyme solution, and ii) 
spreading of the enzyme solution on ABC monolayer at air-water interface, followed by 
the transfer of the mixed polymer-enzyme film to silica slide (Figure 3.3-16). 
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Figure 3.3-16. Strategies for enzyme immobilization: (a) immersion of the ABC solid supported 
monolayer in the enzyme solution; (b) transfer of mixed polymer-enzyme film to silica substrate; 
enzyme – green dots. 
 
Laccase immobilization by immersion of PEG45-b-PMCL101-b-PDMAEMA27 solid-
supported monolayer in an enzyme solution is a straightforward method due to the 
electrostatic interactions that occur between the polymer film and enzyme, as described in 
paragraph 3.3.5. Immersion of the polymer film in enzyme solution was performed for a 
longer period of time (1 hour), than that used for assessing the capability of the polymer 
films for enzyme adsorption by QCM-D (approximately 15-30 minutes) to improve the 
diffusion and stabilization of the enzyme. The presence of laccase after immersion 
influenced the topography of the A45-B101-C27 film. After laccase adsorption, the 
roughness of the surface increased from 0.6 nm to 1.4 nm (Figure 3.3-17). Since the size 
of laccase is 6.5 nm x 5.5 nm x 4.5 nm,
162
 the bright points, having the approximate 
height of 5 nm and width of 200 nm, correspond to the adsorbed enzyme agglomerates 
(Figure 3.3-17 c and d). 
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Figure 3.3-17. AFM images of A45-B101-C27 monolayers: (a) without laccase and (b) a 
corresponding profile; (c) after immersion in laccase solution and (d) a corresponding profile; 
Scale bars: 2 μm. 
 
In order to achieve enzyme immobilization by transferring the mixed polymer-
laccase film onto a solid surface, influence of the enzyme on monolayer formation was 
studied. For this purpose laccase, prepared in water (pH 7), was spread on PEG45-b-
PMCL101-b-PDMAEMA27 monolayer at the air-water interface. Addition of the enzyme 
caused a slight decrease in the surface pressure of the monolayer (Figure 3.3-18). 
Hydrogen bonding and/or electrostatic interaction between amino groups from the C 
block of the ABC triblock copolymer, and the reactive groups of the enzyme might have 
created a more closely packed structure, which reduced the surface pressure, and the 
mean molecular areas. Introduction of the laccase influenced also the morphology of the 
monolayer at the air-water interface, which becomes less homogeneous, as revealed by 
BAM (Figure 3.3-18). 
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Figure 3.3-18. Surface pressure-area isotherm and BAM image of A45-B101-C27 monolayer after 
addition of 100 μl of laccase (2 mg ml-1). 
 
The mixed A45-B101-C27-enzyme films transferred to a solid-support have different 
roughness, depending on the quantity of the enzyme, which was spread on the monolayer 
during compression as evaluated by AFM. Spreading low volumes of enzyme solution 
(25 μl of 2 mg ml-1) induced a decrease in the monolayer roughness to 0.7 nm, compared 
to the laccase-free A45-B101-C27 monolayer with Ra of 1.0 nm at surface pressure of 30 
mN m
-1
 (Figure 3.3-19 a). Higher volume of enzyme solution (100 μl of 2 mg ml-1) 
spread on the surface induced an increase in roughness of the ABC-enzyme film to 1.8 
nm (Figure 3.3-19 b). When a low amount of laccase was spread, the enzyme occupied 
the free space available between the chains of ABC polymer film, and induced the 
formation of a more compact film, thus decreasing Ra, in agreement with the values of the 
immobilization yield. In contrast, spreading a high amount of laccase resulted in the free 
intra ABC film space being exceeded, and induced an increase of Ra.  
 
Figure 3.3-19. AFM images of A45-B101-C27 monolayers after transfer of polymer-enzyme mixed 
film from air-water interface, (a) with low and (b) high enzyme concentrations. Scale bars: 2 μm. 
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3.3.7. Laccase activity assays with DMP 
The activity of the laccase was investigated by monitoring the oxidation of phenolic 
electron mediator, DMP. This compound in presence of active laccase undergo oxidation 
resulting in the formation of a metastable radical, which gives characteristic absorbance 
signal at  = 470 nm.105 The radical can further react forming a number of oxidation 
products, such as 2,6-dimethoxy-p-benzoquinone, C-C and C-O dimers, and oligomers 
(Figure 3.3-20).
165   
 





The enzymatic activity was measured for A45-B101-C27 polymer films with laccase 
immobilized by two methods, described in paragraph 3.3.6. It was assumed that the 
amount of enzyme immobilized by the immersion strategy should be, in approximation, 
the same as established by QCM-D measurements (450 ng cm
-2
). For this purpose a 
solution of free laccase of the same concentration has been used as the reference sample. 
All the samples were put to the solution of DMP of the same concentration and after 15 
hours their absorbance was measured.  
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The activity of laccase was preserved when adsorbed on A45-B101-C27 polymer films, 
as revealed by the spectrophotometric measurements (Figure 3.3-21). The immobilization 
techniques did not influence the overall enzymatic activity, i.e. the polymer monolayer 
with laccase immobilized by immersion technique resulted in average absorbance of 0.19 
at  = 470 nm, while the polymer monolayer with laccase immobilized by transfer 
technique resulted in an absorbance of 0.21. The higher absorbance value obtained with 
the active surfaces compared to free laccase (A = 0.09) shows that the amount of laccase 
adsorbed through immersion was higher than that estimated from QCM-D data. 
Additionally the immobilization process could stabilize the enzyme, and increase the 
accessibility for substrate. The control sample, i.e. pure A45-B101-C27 film immersed in 
DMP solution did not give any absorbance signal at 470 nm indicating that the polymer 
has no influence on the oxidation of DMP.  
 
Figure 3.3-21. Spectroscopic evaluation of laccase activity based on formation of the DMP 
oxidation product (λ = 470 nm) for a free laccase (black), a polymer monolayer with laccase 
adsorbed by: immersion (red), and transfer of mixed ABC-laccase film (blue); a polymer 
monolayer without laccase (green). 
 
3.3.8. Summary 
This project presents a strategy for engineering “active surfaces” by immobilization of 
enzymes on solid-supported films based on PEG45-b-PMCL101-b-PDMAEMAX 
asymmetric amphiphilic triblock copolymers. Four polymers varying in the length of the 
PDMAEMA block were investigated in terms of behavior at the air-water interface, 
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formation of films on a silica support, and ability to adsorb laccase, which was used as a 
model enzyme.  
During the Langmuir isotherm compression, the PEG45-b-PMCL101-b-PDMAEMAX 
block copolymers adopted different arrangements depending on molecular weight of the 
copolymer. At the air-water interface, films were oriented with PEG in the water 
subphase and PDMAEMA facing towards air, i.e. externally oriented, due to the higher 
hydrophobicity of this block comparing to PEG. The LB technique was chosen for 
preparation of uniform ABC block copolymer monolayers on solid supports, favoring a 
reproducible enzyme immobilization. The properties of LB monolayers, such as 
thickness, wettability, topography and roughness were established by AFM, ellipsometry, 
and contact angle. These properties varied with the surface pressure of transfer, ABC 
composition (hydrophilic/hydrophobic blocks length and active groups), and pH.  
All the polymers were able to adsorb the laccase, as established by QCM-D. It was 
shown that addition of a second polymer layer did not increase the amount of adsorbed 
enzyme, for this purpose PEG45-b-PMCL101-b-PDMAEMA27 monolayer was chosen as 
representative and the most suitable for enzyme immobilization, due to formation of 
rough films with high surface area available for enzyme adsorption.  
Two strategies were applied for laccase immobilization: i) immersion of solid-
supported polymer films in enzyme solution, and ii) transfer of mixed ABC-enzyme films 
on silica slides. Both methods resulted in successful immobilization of the enzyme. 
Obtained solid-supported laccase-polymer films were both stable and active, as measured 
by QCM-D and activity assays, respectively.  
This study represents a strategy for the immobilization of enzymes on a soft 
asymmetric membrane attached to a solid support. Simple and fast method to obtain well-
organized uniform polymer membranes combined with straightforward techniques for 
enzyme immobilization. This strategy is appealing for applications in the medical or 
ecological domains where the enzyme activity plays a key role. It should be emphasized 
that these are preliminary results showing the potential of asymmetric membranes for 
development of active surfaces however it requires further optimization and investigation. 
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4. Conclusions and Outlook 
 
This thesis presents three projects, of which the common goal was development of 
biomimetic solid-supported membranes based on amphiphilic block copolymers. By 
preparation of different systems, it was shown that amphiphilic block copolymers can 
form uniform and reproducible membranes when deposited on solid supports and that 
they can successfully perform as platforms for active compounds.  
Firstly, behavior of two groups of block copolymers, PDMS-b-PMOXA and PEG-b-
PMCL-b-PDMAEMA, at the air-water interface has been carefully studied. By 
performing a series of experiments on the Langmuir trough, it was proven that these 
copolymers form reproducible Langmuir monolayers, which are stable in time, and 
elastic. The copolymer monolayers have been transferred by Langmuir-Blodgett and 
Langmuir-Schaefer techniques, which resulted in well-organized and defect-free films 
deposited on solid supports.  
A bilayer formed by PDMS-b-PMOXA diblock copolymer had a structure mimicking 
a natural membrane. Thanks to covalent immobilization of the first layer to the support, 
the stability of the membrane was increased, while upper layer, attached by hydrophobic 
interactions, provided the fluidity of the system. The membrane protein was successfully 
inserted into such a copolymer membrane by employing Bio-Beads, which destabilized 
the protein and forced it to reconstitute into the membrane. This is the first time Bio-
Beads were used for inserting of the membrane proteins into a solid-supported membrane. 
Such an approach is advantageous, since it allows incorporation of the membrane protein 
in the planar membrane supported on a slide of unrestricted size and shape. This project 
proved a concept that solid-supported polymer membrane can host membrane protein 
however it requires further development in order to make this system more applicable. An 
interesting strategy would be preparation of such membranes on porous supports, which 
could provide necessary stability of the system combined with the advantages of 
freestanding membranes over the pores. Such pore-solid-supported membranes would 
allow investigation of transport of the matter, or ion flux through the membrane. 
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A step further in development of functional surfaces was the investigation of mixing 
properties of three PDMS-b-PMOXA diblock copolymers with different lipids, in order to 
control the distribution of the membrane protein within the membrane. It was shown, that 
significant factors influencing the phase separation between polymer and lipid are: size, 
state, and ratio of the mixture’s components. In this respect, the biggest domains were 
formed in mixtures of the longest polymer, having 65 PDMS units, and the rigid, 
saturated lipids. The distribution of the protein inserted into such binary mixtures 
depended strongly on the phase state, i.e. it was preferentially inserted into a more fluid 
phase. By choosing appropriate composition of the mixture it was possible to obtain a 
material with uniform protein distribution within the whole membrane (in mixtures of 
polymer with unsaturated POPE), or with protein closed in small DOPC domains, etc. 
This systematic study of domain formation and protein distribution enables the design of 
a new group of multicomponent materials. These systems behave in a similar manner to 
biological membranes, which is also known to form raft-like domains. A very appealing 
follow-up of this project will be the comparison of phase separation phenomenon in 
binary planar and vesicular membranes. Furthermore, it would be interesting to develop 
more advanced systems by addition of a third component, e.g. cholesterol, which is 
known to increase the fluidity of the biological membranes. 
Asymmetric membranes composed of a triblock copolymer were used as cushions for 
immobilization of laccase. A group of PEG-b-PMCL-b-PDMAEMA varying with the 
length of PDMAEMA was investigated in terms of homogeneity of the formed monolayer 
and ability to adsorbed enzyme. It was shown that with increasing length of the third 
block the film became more hydrophobic, which resulted in higher amount of laccase 
adsorbed. Addition of the second layer to the system did not increase the number of 
immobilized enzymes, as established by QCM-D. Two strategies for enzyme 
immobilization have been presented: i) immersion of the solid-supported monolayer in an 
enzyme solution, and ii) spreading of the enzyme solution on an ABC monolayer at the 
air-water interface, followed by the transfer of the mixed polymer-enzyme film to a silica 
slide. Activity assays performed by monitoring the oxidation of phenolic mediator (DMP) 
revealed that transfer of the polymer-enzyme film results in a slightly higher enzyme 
activity than in the case in the immersion strategy of enzyme immobilization. This could 
be caused by a higher number of enzymes deposited, and increased stability of the 
enzyme within the polymer film. This project showed that such asymmetric block 
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copolymers can preserve the activity of the immobilized enzyme. The next steps for this 
project would involve: measurement of the immobilized enzyme’s kinetics, optimization 
of the amount of immobilized enzyme, and improvement of the system’s stability, e.g. by 
covalent binding of the enzyme to the polymer film.  
Active surfaces prepared from block copolymers exhibit high stability, diversity, and 
possibility of adjusting their properties to the desired functionality. In addition, it was 
shown that these robust membranes can successfully act as platforms for insertion of the 
biomolecules, such as membrane proteins and enzymes, with preserving their activity. 
Such biofunctional membranes mimic natural membranes, and by varying the polymer as 
well as immobilized biomolecule, tailored membrane properties and functionalities can be 
achieved. This thesis shows the great potential of the amphiphilic block copolymers in 
development of systems mimicking biological membranes, which can find applications in 
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5. Materials and Methods 
 
5.1. Materials 
All chemicals and solvents were purchased from Sigma-Aldrich or Fluka (Sigma 
Chemical Co., US) and used as received, unless otherwise stated. 
 
5.2. Methods 
5.2.1. Polymers  
PDMS-b-PMOXA was synthesized according to the procedure described by Egli et 
al.
14
 Activated PDMS was used as a macroinitiator for cationic ring-opening 
polymerization of 2-methyl-2oxazoline. Polymers with the following compositions were 
used: PDMS65-b-PMOXA12 (Mw = 5735 g mol
-1
, PDI = 1.67), PDMS37-b-PMOXA9 (Mw 
= 3704 g mol
-1
, PDI = 1.34), and PDMS16-b-PMOXA9 (Mw = 2151 g     mol
-1
, PDI = 
1.46).  
The end-group of PDMS65-b-PMOXA12 was oxidized by using a Dess-Martin 
periodinane.
124
 Polymer (200 mg) and DMP (17 g, 40 μmol) were placed in a two-neck 
round bottom flask, closed, and degassed. The reaction was performed in anhydrous 
dichloromethane (10 ml) at room temperature for 24 h. The polymer was purified by 
dialysis (Spectrapor
®
, MWCO 3500 Da) in ethanol for 18 h. 
 
PEG45-b-PMCLX (AB) and PEG45-b-PMCLX-b-PDMAEMAY (ABC) block 
copolymers were synthesized as described previously.
151
 In brief, ring-opening 
polymerization (ROP) of γ-methyl-ε-caprolactone (MCL) was performed using PEG as a 
macroinitiator. The modified PEG-b-PMCL diblock copolymer containing an atom 
transfer radical polymerization (ATRP)-initiating group was then used for synthesis of the 
third, PDMAEMA block. 
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5.2.2. Lipids 
DPPC (Mw = 734 g mol
-1
, Tm = 41 °C), DOPC (Mw = 786 g mol
-1
, Tm = -17 °C), 
DPPE (Mw = 692 g mol
-1
, Tm = 63 °C), and POPE (Mw = 718 g mol
-1
, Tm = 25 °C) were 
purchased from Avanti Polar Lipids, Inc. For the experiments lipid solutions of 
concentration of 1 mg ml
-1 
were prepared. DPPC, DOPC, and POPE were dissolved in 
chloroform, while DPPE in a mixture of chloroform and methanol (v/v, 9:1). 
 
5.2.3. MloK1 expression, labeling, and purification 
Full-length, cyclic nucleotide-modulated potassium channel MloK1 was expressed 
and purified to homogeneity by Dr. Julia Kowal.
119
. Briefly, E. coli cells containing His-
tagged MloK1 construct were grown in LB medium at 37°C. Protein expression was 
induced with anhydrotetracycline (0.2 mg/ml) for 2h at OD600 of 0.7. Bacterial cells were 
then centrifuged and disrupted by sonication. The membrane fraction was isolated by 
ultracentrifugation and solubilized for 2.5h at 4°C in buffer containing 1.2% n-decyl-β-D-
maltopyranoside (DM; Anatrace), 295 mM NaCl, 5 mM KCl, 20 mM Tris-HCl pH 8.0, 
10% glycerol, 1 mM PMSF, 0.2 mM cAMP (Fluka). Insoluble material was removed by 
ultracentrifugation and extracted MloK1 was purified by Co
2+
-affinity chromatography in 
buffer containing 295 mM NaCl, 5 mM KCl, 20 mM Tris-HCl pH 8.0, 10% glycerol, 1 
mM PMSF, 40/500 mM (wash/elution) imidazole, 0.2% DM, 0.2 mM cAMP. 
MloK1 was labeled at its primary amines with the fluorescent dye DyLight 488 
Amine-Reactive (Thermo Fisher Scientific). Tris buffer was not used for labeling, 
because it is a primary amine which will compete with the protein for reaction with the 
dye, and instead Bicine (20 mM Bicine pH 7.6, 20 mM KCl, 200 μM cAMP, 0.4 % DM), 
which is a tertiary amine, was used as the buffer. DyLight 488 (1 mg) was dissolved in 
DMSO (100 μl), then the dye solution (10 μl) was added to MloK1 (100 μl, 2.7 mg ml-1) 
dropwise, and stirred for 2 hours. The protein was purified from free dye by dialysis 




 Materials and Methods    
- 102 - 
 
5.2.4. Surface-pressure – area isotherms 
Monolayers at the air-water interface were investigated on a Langmuir Teflon
®
 trough 
(KSV Instruments, Finland), with the area of 420 cm
2
, and equipped with two symmetric, 
hydrophilic Delrin
®
 barriers. Surface pressure was measured by usage of a Wilhelmy 
plate made of ashless filter paper. Prior to taking the measurements, the trough was 
cleaned with chloroform and ethanol, and then filled with high purity water. The solution 
of polymer or polymer-lipid mixture (1 mg ml
-1
) was spread drop-wise on the subphase. 
After evaporation of chloroform (15 min) the monolayer compression was performed at a 
speed of 10 mm min
-1
. All the measurements were performed in the temperature of 25 °C. 
 
5.2.5. Substrate preparation 
Silica wafers (Si-Mat Silicon Materials, Germany), glass cover slips (Menzel-Gläser, 
Germany), and gold substrates (Ssens, Netherlands) were cleaned ultrasonically in 
chloroform and ethanol (one hour in each solvent), and prior the use they were placed in 
UV/ozone chamber for 15 min.   
Modification of silica and glass slides with 3-aminopropytriethoxysilane (99%, 
APTES, Acros Organics) was performed in oxygen-free atmosphere, at room 
temperature. The slides were placed in the flask, which was then sealed and degassed. 
The slides were incubated in 5% (v/v) solution of anhydrous toluene and APTES for 3 h, 
and then washed with ethanol, and dried with a stream of nitrogen.
132
   
Gold substrates were functionalized with 11-amino-1-undecanethiol hydrochloride 
(AUT) by overnight incubation in 0.5 mM solution of AUT in ethanol, with addition of 
3% (v/v) triethylamine. Afterwards the slides were rinsed thoroughly with ethanol, and 




5.2.6. Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) transfers 
LB and LS transfers were performed on a Mini-trough (KSV Instruments, Finland) 
with an area of 242 cm
2
. In order to perform LB transfer, the slide was first placed in the 
subphase (water), then the chloroform solution of polymer (or polymer-lipid mixture) was 
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spread drop-wise on the subphase, and the monolayer was formed. After 10 minutes of 
equilibration the film was transferred with a dipper speed of 0.5 mm min
-1
.   
To transfer the monolayer with addition of the protein, first the polymer-lipid mixture 
was compressed to the surface pressure of 20 mN m
-1
 and after 10 min of stabilization 5.2 
μg of labeled protein dissolved in Bicine buffer was added dropwise on the monolayer 
surface (Figure 3.3-19) and allowed to stabilize for 20 min. After this time the monolayer 
was compressed to 35 mN m
-1
 and it was transferred to glass. 
In LS approach, first the monolayer at the air-water interface was formed, and then 
horizontally placed slide was pressed through the monolayer into the subphase with the 
constant dipper speed of 50 mm min
-1
. The water surface was precisely cleaned until the 
surface pressure was lower than 0.1 mM m
-1
, and then the slide could be removed from 
the reservoir and placed in ultra-pure water.  
 
5.2.7. Protein incorporation 
Incorporation experiments were performed in Tris buffer (20 mM Tris pH 7.6, 20 mM 
KCl, 200 μM adenosine 3′,5′-cyclic monophosphate (cAMP), 0.4 % n-decyl-β-D-
maltopyranoside (DM, Affymetrix), 0.02% NaN3) except experiments with labelled 
protein, where Bicine buffer (20 mM Bicine pH 7.6, 20 mM KCl, 200 μM cAMP, 0.4 % 
DM) was used. 
A solid-supported membrane was placed in a vessel filled with buffer, then Bio-Beads 
(SM-2, Bio-Rad, Richmond California) and protein solution (final protein concentration: 
14 μg ml-1) were added. The incorporation was performed for 3 h at room temperature 
and then the substrates were thoroughly washed with detergent-free buffer (20 mM Tris 
pH 7.6, 20 mM KCl, 200 μM cAMP, 0.02% NaN3). 
 
5.2.8. Immobilization of the laccase to polymer films 
Immobilization of enzymes on polymer films was performed in two different ways: i) 
before transfer of the films to the solid support, and ii) after film transfer to the solid 
support. For i), the polymer films were compressed to a surface pressure of 20 mN m
-1 
and then 25 or 100 μl of laccase solution (2 mg ml-1 in PBS or bidistilled water) were 
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spread drop-wise at the air-water interface. After 30 minutes of stabilization, ABC-
enzyme films were compressed to 30 mN m
-1
 and then transferred to the silica substrate 
(indicated as “transfer technique”). For ii), silica slides with transferred polymer 
monolayers were immersed in enzyme solutions for 30 minutes or 1 hour (0.5 mg ml
-1
 in 
PBS pH = 4.25), and then rinsed with PBS buffer (indicated as “immersion technique”). 
 
5.2.9. Activity of the immobilized enzyme 
Activities of free laccase and laccase immobilized on polymer films were investigated 
with DMP as the substrate, with a final concentration of 0.06 mM in bidistilled water, at 
pH 7. The activity of free enzyme was measured after 12 hours with a laccase solution 
with final concentration of laccase of 500 ng ml
-1
. Slides with immobilized enzymes were 
immersed in DMP solutions, also for 12 hours. The UV-Vis spectra were then recorded in 
the wavelength range of 200 to 800 nm (with an accuracy of 1 nm) using a Thermo 
Scientific NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fisher Scientific, USA) 
equipped with a xenon flash lamp.  
 
5.3. Characterization techniques 
5.3.1. 1H NMR 
1
H-NMR spectra were recorded with a Bruker DPX-400 spectrometer using 
deuterated chloroform (99.8 % CDCl3) as solvent, and analyzed with MestReNova 6.1.1 





5.3.2. Brewster angle microscope (BAM) 
Compression of the amphiphiles monolayers at the air-water interface was monitored 
by a Brewster angle microscope (EP
3
SW system, Nanofilm Technologie GmbH, 
Göttingen, Germany) equipped with a Nd-YAG laser (λ = 532 nm), long distance 
objective (Nikon, 20x), and monochrome CCD camera. The size of the Brewster angle 
microscopy (BAM) image corresponds to 220 x 250 μm2, with a resolution of 1 μm. 
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5.3.3. Atomic force microscopy (AFM) 
AFM images were recorded with an Agilent 5100 AFM/SPM microscope (PicoLe 
System, Molecular Imaging). Measurements carried out in contact mode in the Bicine 
buffer (20 mM Bicine pH 7.6, 20 mM KCl, 200 μM cAMP), were performed by using 
silicon nitride cantilevers (PNP-TR, NanoWorld AG) with a nominal spring constant of 
0.32 N m
-1
. Measurements in the tapping mode in air were carried out using silicon 
cantilevers (PPP-NCHR, Nanosensors) with a nominal spring constant of 42 N m
-1
. The 
images were analyzed with the data analysis software Gwyddion (v. 2.37). 
 
5.3.4. Ellipsometry 
Measurements were carried out on an EP
3 
SW imaging ellipsometer (Nanofilm 
Technologie GmbH, Göttingen, Germany) with Nd-YAG laser at 532 nm. Measurements 
(one every 2 degrees) were performed in air for angles of incidence ranging from 55° to 
75°. For the silica substrates, the thickness of the layer was estimated by a model which 
included the silicon dioxide thickness (~ 2 nm). Refractive index values used for 
modeling were: nAPTES = 1.465, and npolymer = 1.5. For all samples prepared on silica the 
extinction coefficient (k) was equal to 0. For the gold substrates the following parameters 
were used: nAUT = 1.53, kAUT = 0.26, npolymer = 1.52, and kpolymer = 0.07. Each type of 
sample was measured at least 5 times on two different slides, and average values were 
calculated for values determined with a mean squared error (MSE) < 1. 
 
5.3.5. Static contact angle 
Static contact angle measurements were performed with a contact angle goniometer, 
CAM 100 (KSV Instruments, Finland) based on a CDD camera with 50 mm optics. 
Droplets of ultrapure water were placed on the substrates with a micro-syringe, and the 
contact angle was automatically calculated. Each sample was measured at least 10 times 
and the average value was calculated. 
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5.3.6. ATR-Fourier transform infrared spectroscopy (ATR-FTIR) 
Attenuated total reflection Fourier transform infrared spectroscopy measurements 
were performed on a Platinum ATR ALPHA (Bruker, Germany) spectrometer with a 
single reflection diamond ATR sampling module. All spectra were recorded with a 
resolution of 2 cm
-1
 in the range 400 - 4000 cm
-1
, with 128 acquisition scans.  
 
5.3.7. Confocal laser scanning microscopy (CLSM) 
CLSM measurements were performed on a Zeiss LSM 510-META/Confocor2 
(Germany), in LSM mode. 
Protein labeled with DyLight 488 was measured with an Ar laser (488 nm) and a 40x 
water-immersion objective (Zeiss C-Apochromat 40x, NA 1.2) with pinhole adjusted to 
78 μm. An Ar laser was used as the excitation source with excitation transmission at 488 
nm set for 4 %. Samples were prepared on glass cover slips. Before performing the 
measurements, a small volume of Bicine buffer or water was placed on a cleaned 
microscope slide and covered with a glass cover slip so that the polymer membrane was 
enclosed between two slides. Measurements were performed at room temperature, and 
after adjusting for a sharp image, the sample was scanned randomly throughout the 
surface. 
Mixed polymer-lipid films contained 5% of SRB-labeled polymer and were measured 
with the HeNe laser (543 nm) as the excitation source, and a 40x water-immersion 
objective (Zeiss C-Apochromat 40x, NA 1.2). The excitation transmission of HeNe laser 
was set for 20%. In order to measure the distribution of the protein within the mixed film 
we prepared films with SRB-labeled polymer and DyLight 488-labeled protein, 
measurements were performed in two channels. In such way two micrographs of the same 
area, presenting signals from two different dyes could be overlapped.  
For the LSM measurements of the mixtures containing the shortest diblock copolymer 
(PDMS16-b-PMOXA9), 5% of SRB-labeled PDMS37-b-PMOXA9 was added. 
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5.3.8. Fluorescence correlation spectroscopy (FCS) 
FCS measurements of labeled protein were performed with the same instrument as 
CLSM measurements.  An Ar laser was used as the excitation source with excitation 
transmission at 488 nm set for 10 % and pinhole adjusted to 78 μm. 10 FCS 
autocorrelation curves were recorded over 20 s each.   
 
5.3.9. Electrical conductance 
Electrical conductance measurements were performed with a source-meter Keithley 
2636A (Keithley International, Germany). To carry out these measurements an electric 
circuit was built and samples were prepared on conductive substrates, i.e. gold slides. The 
gold substrate with polymer membrane was covered with a PDMS liquid chamber (which 
had a small vertical hole) in order to always have the same measurement area and 
constant buffer volume. A gold wire was attached with a silver paint to the sample so that 
the gold substrate was connected to the circuit (Figure 3.1-22).
117
 The paint was left for 
30 minutes to dry but the membrane was still hydrated, and the liquid chamber was then 
filled with buffer (20 mM Tris pH 7.6, 20 mM KCl, 200 μM cAMP, 0.02% NaN3) and 
left for 15 minutes to stabilize. From the top, the liquid chamber was closed with an 
electrode. A constant voltage of 40 mV was applied to the system, and the current was 
measured. All devices were controlled by self-made LabView software. 
 
5.3.10. Quartz crystal microbalance with dissipation (QCM-D) 
QCM-D measurements were performed with the system Q-Sense E1 (Biolin 
Scientific, Sweden). The polymer film was first transferred by the LB technique to the 
silica QCM-sensor on the Mini-trough, and placed in the QCM chamber. After 1 hour in 
PBS buffer for stabilization, the enzyme solution (0.5 mg ml
-1
) was introduced into the 
QCM chamber with a flow speed of 100 μl min-1, and then allowed to stabilize for 
approximately 15-30 minutes, before washing thoroughly with buffer. Measurements 
with laccase were performed at pH 4.25. 
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5.3.11. Circular dichroism (CD) 
CD spectra were recorded with a Chirascan Circular Dichroism Spectrometer 
(Applied Biophysics Ltd, Leatherhead, UK) equipped with a peltier temperature control 
device (Alpha Omega Instruments, Cumberland, USA). CD measurements were 
performed using a spectral bandwidth of 0.2 nm and a step resolution of 0.2 nm. A Quartz 
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H-NMR and ATR-FTIR spectra of the polymers used in this thesis, whose 
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H NMR spectrum of pure (in black) and SRB-labeled (in red) PDMS37-b-PMOXA9 
diblock copolymer. Assignment of the peaks as in figure 6-1. 
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H NMR spectrum of pure (in black) and SRB-labeled (in red) PDMS16-b-PMOXA9 
diblock copolymer. Assignment of the peaks as in figure 6-1. 
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H-NMR spectrum and structure of PEG45-b-PMCL101 diblock copolymer. 
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H-NMR spectrum and structure of PEG45-b-PMCL101-b-PDMAEMA3 triblock 
copolymer. Assignment of the peaks as in figure 6-8. 
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H-NMR spectrum and structure of PEG45-b-PMCL101-b-PDMAEMA12 triblock 





H-NMR spectrum and structure of PEG45-b-PMCL101-b-PDMAEMA17 triblock 
copolymer. Assignment of the peaks as in figure 6-8. 
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Figure 6-11. ATR-FTIR spectrum of PEG45-b-PMCL101-b-PDMAEMA3 (black), PEG45-b-
PMCL101-b-PDMAEMA12 (red), and PEG45-b-PMCL101-b-PDMAEMA17 (blue) triblock 
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